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ABSTRACT
Advancing Phage Genomics and Honeybee Health Through Discovery and
Characterization of Paenibacillaceae Bacteriophages
Bryan Douglas Merrill
Department of Microbiology and Molecular Biology, BYU
Master of Science
The Paenibacillaceae family of bacteria includes two species known to infect the hives of
honeybees, Paenibacillus larvae and Brevibacillus laterosporus. P. larvae, the causative agent of
American Foulbrood (AFB) causes a lethal infection of honeybee larvae, while B. laterosporus is
a secondary invader following European Foulbrood (EFB) infection. Increasing antibiotic
resistance of P. larvae bacteria has prompted a search for alternative treatment methods for this
disease. Bacteriophages are the most diverse life forms on earth and can provide important
insights about the bacterial hosts they infect. However, few Paenibacillaceae phages have been
isolated or characterized. In this study, the first B. laterosporus phages are characterized with
respect to host range, structural morphology, and sequence similarity. The isolation and
characterization of many P. larvae field isolates together with 38 novel P. larvae phages made
possible the first broad phage typing study of P. larvae. Phage typing data indicated that P.
larvae strains tested could be categorized into one of two groups. Comparative genomics of
bacteriophages was made easier by modifying Phamerator to make it broadly accessible and
usable to phage researchers throughout the world. Additionally, raw sequencing data can now be
used to identify phage DNA packaging strategies that are indicative of a phage’s physical ends.
Using these data, phage genomes can be published in an orientation and complementarity that
reflects the physical structure of the phage chromosome, providing order and consistency that
will benefit all future phage researchers.

Keywords: Paenibacillus larvae, American Foulbrood, honeybees, Brevibacillus
laterosporus, bacteriophage, genomics, phage typing, Phamerator, phage packaging strategy,
DNA sequencing
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SPECIFIC AIMS
Aim 1: Characterize B. laterosporus bacteria and the first phages discovered that infect this
bacterial genus.
A. Determine whether bacterial field isolates previously identified as P. larvae are indeed B.
laterosporus and whether previously identified P. larvae phages are indeed B.
laterosporus phages.
B. Determine relatedness of B. laterosporus phages to each other as well as other phages in
the phylum Firmicutes.
Aim 2: Isolate, identify, and characterize P. larvae strains and novel P. larvae phages from
environmental samples.
A. Confirm field isolates as P. larvae using PCR of 16S rRNA and other loci followed by
DNA sequencing.
B. Isolate P. larvae phages using these P. larvae strains and characterize them using
electron microscopy.
C. Develop and use a phage typing system to group P. larvae bacteria and phages isolated in
this study based on similarity.
Aim 3: Identify software-based methods to better characterize phage genomes, promote
consistency in publication, and facilitate rapid genome comparisons.
A. Identify ways to use raw sequencing data to determine phage genome packaging
strategies and the correct orientation for genome publication
B. Modify the code for the phage comparative genomics program Phamerator to create
custom databases, to provide new biological insights, and to be broadly accessible and
usable for phage researchers around the world.
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1. INTRODUCTION
American Foulbrood and Paenibacillus larvae
Honeybees are vital to ecosystems and economies. In 2009, the U.S. crops directly
dependent on honeybees were worth $11.7 billion (1). Several bacteria cause disease in
honeybees. These infections primarily target the bee larvae and not the adults. The most common
and destructive bacterial pathogen is Paenibacillus larvae which causes American Foulbrood
(AFB). P. larvae is a spore-forming facultative anaerobic firmicute (2). It was first identified in
1906 as a relative of Bacillus (3) but has since been reclassified to the Paenibacillus genus (4)
and is no longer characterized at the subspecies level (5). Its spores are found naturally in
beehives, are stable for 35 years or more in natural environments (6), and are very difficult to kill
(7). Although larvae older than 53 hours cannot be infected with P. larvae, the LD50 is only ~9
spores for larvae 24-48 hours old (2). Infected larvae are consumed by P. larvae which
sporulates as nutrients run out, leaving behind a dried-out scale containing billions of spores (6).
Transmission within the colony occurs as workers clean out larval remains and inadvertently
feed spores to young larvae (8). P. larvae can spread between hives through common feeding
areas, drifting bees that enter the wrong hive after foraging, and robbing bees that steal honey
from weaker hives (9). Spores are also transmitted as beekeepers reuse equipment from infected
hives or use the same tools to inspect both infected and healthy hives.
The stability of P. larvae spores and the pathogenesis of AFB make the methods for
sterilization, treatment, and prevention very difficult. The two most effective ways to kill spores
are heat treatment (7) which destroys the comb built by the bees, and gamma radiation (10).
Neither of these methods are practical or readily available for beekeepers, so infected hives are
often burned (11). Beekeepers rely heavily on antibiotics to both prevent and treat AFB. Because
2

P. larvae spores are unaffected by antibiotics (12), these compounds must be fed to larvae and be
present in the larval gut as spores germinate into vegetative bacteria. Tetracycline was the first
antibiotic used widely on beehives (13). Many beekeepers apply preventative treatments of
tetracycline in the spring and fall to avoid the risk of contaminating honey. However, in 2000
researchers identified P. larvae strains that were resistant to tetracycline (14). To combat
increasing resistance to antibiotics, tylosin was introduced to treat AFB-infected hives (15).
Although no P. larvae strains resistant to tylosin have been reported (16), only two methylations
of rRNA were needed in Streptococcus to provide resistance to this antibiotic (17). Tylosin has a
much longer half-life than tetracycline in sugar syrup (75 days vs. ~7 days) (18) and honey (130
days vs. 65 days) (19, 20). However, tylosin degrades into desmycosin which retains antibiotic
activity and as a result, it would likely take several years for the residue to disappear from a hive
entirely (21). Antibiotics also have detrimental effects on honeybee health. For example, they
alter the bee gut microbiota (22) and can hamper the bees’ ability to excrete other chemicals that
they encounter (23). Antibiotic resistance and restrictions on antibiotic usage means that
beekeepers are left with few options to combat AFB.
Other Bacterial Infections of Honeybees
There are several other bacterial diseases of honeybees, though none are as severe or as
costly as AFB. European Foulbrood (EFB), caused by Melissococcus plutonius is easily treatable
with tetracycline. Different strains show little genetic variation and resistance to antibiotics has
never been documented (24). Secondary infections following EFB are caused by Paenibacillus
alvei and Brevibacillus laterosporus. Both of these bacteria are readily found at low levels in
both healthy and infected beehives. B. laterosporus is of interest to researchers because it
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produces compounds that have broad-spectrum antibacterial properties (25), as well as proteins
that are toxic to mosquitoes (26).
Phage Therapy
Bacteriophages (or phages) are viruses that infect, replicate in, and destroy bacteria. They
are the most diverse and abundant biological entities on earth (27). Phages have been used to
effectively treat many kinds of bacterial infections and contaminations, including methicillinresistant Staphylococcus aureus (MRSA) in mice (28), tomato bacterial spot (29), and
Salmonella, Campylobacter, and Listeria contamination of meat and produce (30, 31). The field
of phage therapy is growing rapidly in response to bacterial antibiotic resistance (32). Phagebased treatments are of interest to farmers and consumers of organic foods (33).
Using phages to treat AFB infections in beehives was first mentioned in 1948 (34). In
preceding decades, phage research had swept the world but lost its appeal following the
discovery of antibiotics (35). Most of the early research was done in Europe and the United
States. Between 1955 and 1999, eight P. larvae phages were described in publication (36-42).
Gochnauer was at the forefront of Paenibacillus phage research in the United States and
primarily used them to characterize strains of P. larvae isolated from infected hives (34, 43, 44).
They were investigated as a potential treatment for AFB (37). Between 1999 and 2011, no new
P. larvae phages were described in publications.
Phage Genomics
Phage discovery is important research, but much can be learned by studying the
properties of bacteriophages: whether phages are lytic or temperate, which species and strains of
bacteria the phages infect, which genes are transferred between phages and bacteria, and
relationships to other previously isolated phages. The discovery and characterization of
4

thousands of mycobacteriophages indicates that we are hardly scratching the surface of overall
phage diversity (45). DNA sequencing is a powerful tool to understand bacteriophages. Over the
past decade, next-generation sequencing has made it very easy to sequence bacteriophage
genomes, and a wide range of bioinformatics software programs is available to study them.
Phage comparative genomics studies are difficult because the DNA sequences may be published
beginning at any base in the genome or using either of the complementary strands. Investigating
phage DNA packaging and physical ends of chromosomes (46) provides insight into appropriate
orientations for publication. However, there are no current standards that govern publication of
phage genomes that would resolve these discrepancies.
The rapid rate at which phage genomes are being sequenced means that computers are
being utilized more than ever to study properties of these phages. Phamerator, a powerful phage
comparative genomics tool, was created to study and compare mycobacteriophages (47). This
program can import GenBank files of many phages into a database, perform ClustalW and
BLAST alignment comparing each protein in the database, and then group similar proteins into
“phamilies” (or phams) based on user-defined cutoff values for ClustalW and BLAST. It also
integrates data from NCBI’s Conserved Domain Database (48) into the program so that known
domains in each phage protein are easily identifiable. However, there are several major
limitations that prevent it from being widely used by many phage researchers. The original
version of the program can only view existing databases and cannot be used as-is to create
databases containing custom sets of phage genomes. It also lacks instructions on how to create
custom databases. A version of Phamerator that is accessible to all phage researchers would
accelerate comparative genomics research by providing valuable insights available only through
this program.
5

Interest in P. larvae phage discovery and characterization has recently increased, and
there are currently eight complete P. larvae phage genomes in GenBank. There are no recent
publications describing efforts to isolate phages targeting M. plutonius to treat European
Foulbrood or any of its secondary invaders. P. alvei, B. laterosporus, and P. larvae all belong to
the family Paenibacillaceae, but whether these bacteria work together to cause disease or whether
they are antagonistic towards each other is not yet known. B. laterosporus compounds may also
be active against P. larvae (unpublished data). Efforts to better understand these bacteria and the
phages that infect them will shed light on common features of these honeybee pathogens and
provide opportunities to treat deadly bee diseases.
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2. BREVIBACILLUS BACTERIA AND PHAGES
Introduction
Brevibacillus laterosporus is a secondary invader in beehives infected with
Melissococcus plutonius, the causative agent of European Foulbrood (24). Like P. larvae, B.
laterosporus forms endospores, is found naturally in beehives (49), and belongs to the bacterial
family Paenibacillaceae (50). However, B. laterosporus is found in many other places in nature,
including soil, insects, animals, and foods. This bacterium has several properties that are
potentially useful in biocontrol applications. First, it has shown strong insecticidal activity. B.
laterosporus bacteria are toxic to mosquitoes that carry dangerous human diseases (26, 51).
Because it is also active against many fly larvae, B. laterosporus can be added to animal feed to
control fly populations who reproduce in animal feces (52). Second, it has broad-spectrum
antimicrobial activity (49). Peptides produced by this bacterium are resistant to heat, proteases,
and pH changes. These peptides inhibit growth of both Gram positive and Gram negative
bacteria, as well as fungi (53). Third, B. laterosporus can metabolize many waste compounds
and may be useful in bioremediation (49).
Researchers working to detect P. larvae in beehives often isolate B. laterosporus as well
as other related bacteria (54-57). Therefore, methods for isolation, detection, and characterization
of P. larvae must account for the presence of these closely related strains. Previously, Sheflo
isolated fourteen bacterial field isolates from honey and infected honeybee larvae (unpublished
data) using protocols designed to isolate P. larvae spores and cause them to germinate. The 16S
rRNA genes from ten of these isolates were amplified using PCR, sequenced, and compared to
other 16S rRNA gene sequences using BLASTN. At the time, the top BLAST result was
Paenibacillus larvae subsp. pulvifaciens strain DSM 8442 (and DSM 8443), with >97% identity.
7

This hit seemed to indicate that the field isolates were indeed P. larvae. Because P. larvae and B.
laterosporus belong to the same bacterial family (Paenibacillaceae), BLAST hits matching B.
laterosporus with the same similarity were not concerning, and research moved forward. The
field isolates from Sheflo were named PL1 through PL14 and were used to isolate phages
Jimmer1, Jimmer2, Abouo, Davies, and Emery, which were believed to be P. larvae phages.
These phages were sequenced, annotated, and published (58). They were also compared to a
previously isolated P. larvae phage as well as many other phages in the phylum Firmicutes (59).
This chapter will investigate these field isolates, their relationship to B. laterosporus and other
related species, and phages isolated using these bacteria using phylogenetic analyses of 16S
rRNA gene sequences from field isolates, sequencing data from other loci, and phage infection
of known B. laterosporus strains. We hypothesize that these bacteria and phages ought to be
reclassified in relationship to the Brevibacillus genus instead of their current association with the
Paenibacillus genus.
Materials and Methods
Gathering Brevibacillus isolates
Samples from honey and hive material were gathered by Sheflo and used for bacterial
isolation. Samples were processed as described previously for intended P. larvae isolation (60),
and were streaked initially on PLA agar (61) and incubated at 37°C. Catalase negative (5), Gram
positive colonies were streaked on LB agar (Lennox), gathered, archived in 20% glycerol, and
stored at -80°C.
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Brevibacillus bacterial culture and plating
Bacteria were grown by inoculating a flask containing LB broth with a colony of bacteria
and incubated at 37°C. Bacterial lawns were plated by mixing 500 μL of overnight culture with
4.5 mL of 0.8% LB top agar.
Strain identification using PCR and sequencing
Prior to PCR, bacterial samples were streaked out to single colonies. Template DNA for
the PCR reaction was extracted by adding part of a colony to 50 μL of water in a PCR tube and
boiling it for 10 minutes. The total PCR reaction volume was 25 μL: 22 μL reagents (2.5 uL 10X
ThermoPol Buffer, 0.4 mM of each dNTP, 2 μM forward and reverse primers, 2.5 U Taq
polymerase) plus 3 μL of template DNA. B. laterosporus field isolates were tested PCR primers
listed in Table 2-1. Annealing temperatures in PCR reactions for all primers in Table 2-1 was
52°C (except BLrpoB primers used a 64°C annealing temperature). PCR products were run on a
1.5% agarose gel at 150V to confirm amplification. Amplicons from reactions containing 16S
rRNA primers or PLrpoB primers were sequenced using BigDye (Life Technologies). When
unexpected amplicons were produced, primers were aligned to the genome sequence using
MEGA6 to determine which region of the genome was actually amplified.

9

Table 2-1. Primers used for bacterial identification.
Primer
27F
907R
BLrpoB-F
BLrpoB-R
KAT1
KAT2
PLrpoB-F
PLrpoB-R
PLftsA-F
PLftsA-R
ERIC1R
ERIC2

Sequence
5'-AGAGTTTGATCMTGGCTCAG-3'
5'-CCGTCAATTCMTTTRAGTTT-3'
5'-GCAGGTAAACTGGTCCAGAGCG-3'
5'-CACCTGTTGATTTATCAATCAGCG-3'
5'-ACAAACACTGGACCCGATCTAC-3'
5'-CCGCCTTCTTCATATCTCCC-3'
5'-ATAACGCGAGACATTCCTAA-3'
5'-GAACGGCATATCTTCTTCAG-3'
5'-AAATCGGTGAGGAAGACATT-3'
5'-TGCCAATACGGTTTACTTTA-3'
5′-ATGTAAGCTCCTGGGGATTCAC-3′
5′-AAGTAAGTGACTGGGGTGAGCG-3′

Direction
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Purpose

Reference

16S rRNA universal primer

(62)

Amplifies B. laterosporus rpoB
Amplifies only if P. larvae is
ERIC-1 or ERIC-2 genotype

(55)

Amplifies P. larvae rpoB

(63)

Amplifies P. larvae ftsA

(63)

Generates multiple amplicons to
fingerprint the bacteria tested

(64)

Sequence analyses of Brevibacillus genes
The 5’ and 3’ ends of trace files from BigDye sequencing were trimmed using Geneious
version 7.1.7 (65) with an error probability limit of 0.05. Geneious was also used to align
sequences generated using both forward and reverse primers and generate a consensus sequence
using the chromatogram. Sequences of 16S rRNA from B. laterosporus field isolates were
analyzed using BLAST (66) and online software from the Ribosomal Database Project (RDP)
(67) and Greengenes (68) to identify taxonomic relationships with known bacteria. The
phylogenetic analysis of 16S rRNA gene sequences included sequences from field isolates BL1
through BL10 and BL14 and sequences in Table 2-2 and was performed using MEGA6 (69).
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Table 2-2. Bacteria used in host range or phylogenetic analyses.
Species

BGSC
Number
33A1

Original Code

Reference
(70)

(73)
(74)
(73)

KF597225
KF597214
NR_118956.1
NR_042947.1
NR_121744.1
AY530296
AY530297

Paenibacillus sp.
Paenibacillus polymyxa
Paenibacillus larvae
Paenibacillus larvae
Paenibacillus larvae
Paenibacillus larvae
subsp. pulvifaciens
Paenibacillus larvae
subsp. pulvifaciens
Staphylococcus aureus
Brevibacillus brevis
Brevibacillus laterosporus

35A1
25A2
Not in BGSC
Not in BGSC
Not in BGSC
Not in BGSC

Paenibacillus alvei
III3DT-1A
Paenibacillus sp. JDR-2
NRRL B-4317T
ATCC 9545
DSM 7030
DSM 25430
DSM 8442

Not in BGSC

DSM 8443

(73)

Not in BGSC
26A1
Not in BGSC

ATCC 12600
ATCC 8246
LMG 15441

(75)
(76)

Brevibacillus laterosporus

Not in BGSC

B9

Brevibacillus laterosporus
Brevibacillus laterosporus
Brevibacillus laterosporus
Brevibacillus laterosporus
Brevibacillus laterosporus
Brevibacillus laterosporus
Brevibacillus laterosporus
Brevibacillus laterosporus
Brevibacillus laterosporus

40A1
40A2
40A3
40A4
40A5
40A6
40A8
40A9
40A10

ATCC 9141
ATCC 6457
ATCC 31932
ATCC 53694
ATCC 6456
NRRL B-4189
NRS 1111
NRS 1645
NRS 1647

Paenibacillus alvei

(71)
(72)

(77)
(77)
(77)
(77)
(77)
(78)
(78)
(78)

16S rRNA gene
accession number
KF597222

NR_118997.1
D78457.1
CP007806.1
435913..437436
CP011074
1091175..1092715
KF597228
KF597229
KF597230
KF597231
KF597232
KF597233
KF597234
KF597235
KF597236

Phage infection of Brevibacillus bacteria
Brevibacillus bacteria were tested for phage susceptibility using a plaque formation assay
and a spot test assay. For the plaque formation assay, phage lysate was incubated at room
temperature with 500 μL of an overnight culture of bacteria for 30 minutes, plated in 0.8% LB
top agar, and incubated overnight at 37°C. For the spot test assay, 500 μL of an overnight culture
of bacteria was plated in 0.8% top agar. After the top agar hardened, 3 μL of phage lysate was
placed on the top agar. The plates were incubated agar side facing up overnight at 37°C.
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Isolation of Brevibacillus phages
Brevibacillus phages were isolated from bee debris samples collected near beehives. Bee
debris contained dead and decomposing bees and ground matter. One debris sample was crushed
and added to a flask containing LB broth and field isolate BL2, BL6, or BL14. The bee debris
and bacteria were incubated overnight at 37°C. The mixture was spun in a centrifuge and the
supernatant was passed through a 0.22 μm filter. A few microliters of the supernatant was
incubated at room temperature with 500 μL of B. laterosporus bacteria for 30-60 minutes, mixed
with LB top agar, plated on LB agar, and incubated at 37°C overnight. Plaques that appeared
were isolated and re-plated three times to purify individual phages.
Electron microscopy
Phages were prepared for electron microscopy by incubating copper grids with 50 μL of
high-titer lysate for 90 seconds, wicking away moisture, incubating with 50 μL of 2%
phosphotungstic acid (pH = 7) for 90 seconds, wicking away moisture, and allowing the grids to
dry prior to imaging. Images of the phage electron micrographs were measured using ImageJ
(79).
DNA extraction, sequencing, assembly, and base one calling
Phage DNA was extracted using the Phage DNA Isolation Kit (Norgen Biotek
Corporation). DNA was extracted according to the manufacturer’s instructions, except that prior
to the column wash, amounts of all reagents were multiplied by 5 or 10. Phage DNA was
sequenced using 454 and assembled using Newbler 2.9 (454 Life Sciences, Roche), Consed (80),
and Gepard (81). Phage genomes were screened for direct terminal repeats using PAUSE
(https://cpt.tamu.edu/computer-resources/pause). Phages that contained DTRs were oriented to
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place a copy of the repeated region at the 5’ and 3’ end of the phage genome. Phages without
DTRs were oriented based on previously characterized phages (58).
Brevibacillus phage annotation, clustering, and comparative genomics
All sequenced phages were annotated using DNA Master and other programs as
described previously (58, 82). After base one was determined, phages were compiled into a
single FASTA file and analyzed using Gepard (81). Clusters were assigned based on visual
assessment of dotplot data and included when phages shared 50% identity or more with other
phages (83). Brevibacillus phage genomes were imported into Phamerator (47) (Appendix F Phamerator Instructions). After phage genomes were imported and processed using ClustalW
and BLAST, protein phamilies were built based on BLAST and ClustalW cutoff scores that
were an E-value of 1e-50 and 32.5% identity, respectively.
Host range studies
Brevibacillus phage lysates were used to infect field isolates BL2 and BL6 which were
described previously as PL2 and PL6 (58, 59), BL14, and nine B. laterosporus strains obtained
from the Bacillus Genetic Stock Center (www.bgsc.org). These strains are listed in Table 2-2 and
are labeled 40A1 through 40A10. The plaque formation assay and spot test assay were used to
test each B. laterosporus strain for susceptibility to each phage. The level of clearage in the spot
tests was rated from low (+) to high (++++).
Results
Comparison of Brevibacillus 16S rRNA gene sequences
The 16S rRNA genes in field isolates PL1 through PL10 (referred to hereafter as “BL”)
were amplified using PCR and sequenced by Sheflo (unpublished). Trace files were not available
for analysis; therefore, low quality regions could not be identified or trimmed. The 16S rRNA
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genes in BL2, BL6, and BL14 were amplified and sequenced for this work, and trace files were
trimmed and aligned as described above. The 16S rRNA genes for field isolates BL11, BL12,
and BL13 were not sequenced. The 16S sequences and lengths for eleven B. laterosporus field
isolates are found in Appendix C.1 - Brevibacillus 16S rRNA gene sequences. BLAST results
indicated that the eleven B. laterosporus 16S rRNA gene sequences shared an average of 97%
identity with the 16S rRNA gene sequence from B. laterosporus strain B9 (CP011074.1) as well
as the 16S rRNA gene sequence from Paenibacillus larvae subsp. pulvifaciens strain DSM 8442
(AY530296.1).
Both RDP and Greengenes were used to analyze 16S rRNA gene sequences of B.
laterosporus field isolates and study this discrepancy between BLAST results. Each database
placed every sequenced B. laterosporus field isolate unambiguously in the Brevibacillus genus
with close similarities to many B. laterosporus strains. These databases also placed P. larvae
DSM 8442 and 8443 within the Brevibacillus genus. Phylogenetic analysis was also used to
study 16S rRNA gene sequences from ten Brevibacillus isolates, three Paenibacillus isolates (all
in Table 2-2), three confirmed P. larvae strains, and one S. aureus strain (as an outgroup). These
sequences were imported into MEGA6 (69) and aligned using Muscle (84). Figure 2-1 is a
maximum likelihood phylogenetic tree using these data. This tree indicates that the 16S rRNA
gene sequences for B. laterosporus (BL) field isolates, previously reported as P. larvae (PL) as
well as P. larvae subsp. pulvifaciens DSM 8442 and 8443 are most closely related to 16S rRNA
gene sequences from confirmed B. laterosporus strains and are not closely related to P. larvae
strains.
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Figure 2-1. Phylogenetic tree of Paenibacillaceae 16S rRNA gene sequences. This maximum
likelihood tree indicates the relationships between B. laterosporus field isolates (BL), B.
laterosporus, B. brevis, P. alvei, P. polymyxa, Paenibacillus sp., and P. larvae, and S. aureus
(outgroup). The P. larvae strains that grouped with Brevibacillus bacteria are highlighted in red.
The scale bar represents 0.02 nucleotide substitutions per site.
Comparison of Brevibacillus bacteria using additional PCR primers
DNA from B. laterosporus field isolates was analyzed using several different primer
sets. PLftsA primers failed to produce an amplicon in field isolates BL2, BL6, and BL14, yet
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produced a ~500 bp amplicon in P. larvae ATCC 9545 as predicted. PLrpoB primers produced a
~400 bp amplicon in P. larvae ATCC 9545 as predicted. The primers also produced a ~400 bp
band in all B. laterosporus field isolates and ~200 bp band in eight B. laterosporus field isolates
(Figure 2-2).

Figure 2-2. PLrpoB primers on Paenibacillus and Brevibacillus bacteria. (A) 1 – P. larvae
ATCC 9545, 2 – PL338, 3 – PL357-1, 4 – BL1, 5 – BL2, 6 – BL3, 7 – BL4, 8 – BL5, 9 – BL6,
10 – BL7, 11 – BL8, 12 – BL9, 13 – BL10, 14 – BL11, 15 – BL12, 16 – BL13, 17 – BL14, 18 –
B. laterosporus 40A1. (B) 19 – B. brevis, 20 – P. polymyxa, 21 – P. alvei, 22 – Paenibacillus sp.
JDR-2, 23 – Brevibacillus sp. (field isolate).

A previous PCR reaction using the PLrpoB primers on BL2, BL6, and BL14 produced
only the ~200bp amplicon. The ~200 bp amplicons from B. laterosporus field isolates BL2, BL6,
and BL14 as well as from P. larvae ATCC 9545 were submitted for DNA sequencing. After
trimming, the sequences for BL2, BL6, BL14, and ATCC 9545 were 134 bp, 138 bp, 136 bp, and
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358 bp, respectively. The trimmed sequences are found in Appendix C.2 - Brevibacillus PLrpoB
sequences. BLASTN analysis indicated that the amplicon from BL2, BL6, and BL14 is similar to
B. laterosporus LMG 15441 (E-value < 1e-28, >95% identity). BLASTX analysis indicated that
the amplicon is similar to a transcriptional regulator from B. laterosporus LMG 15441 (E-value
8e-13, 65% identity). BLASTX results also indicated that the rpoB amplicon from P. larvae
ATCC 9545 was indeed the rpoB gene found in P. larvae (E-value = 0, 99% identity).
When the PLrpoB primers were aligned with the Brevibacillus laterosporus LMG 15441
genome they matched two areas. The first area was inside an rpoB gene (WP_003333806.1)
where the primers aligned 414 bp apart. The percent identity between predicted targets in the
rpoB gene for PLrpoB-F and PLrpoB-R primers was 75% and 95%, respectively. The second
area was inside the transcriptional regulator that was returned as the BLASTX hit (mentioned
above) where the primers aligned 186 bp apart. The percent identity between predicted targets in
the transcriptional regulator gene for PLrpoB-F and PLrpoB-R primers was 80% and 55%,
respectively.
BLrpoB primers were designed to produce a 900 bp amplicon in the rpoB gene of B.
laterosporus. All B. laterosporus field isolates, B. laterosporus 40A1, and B. brevis produced the
predicted 900 bp amplicon (Figure 2-3). A separate PCR reaction confirmed that BL4 (lane 7)
produced this amplicon. All Paenibacillus bacteria tested and the Brevibacillus sp. field isolate
failed to produce any amplicon (Figure 2-3). Although 16S rRNA genes of field isolates BL11,
BL12, and BL13 were not sequenced, these strains produce an amplicon when using BLrpoB
primers. BLrpoB primers were aligned to the B. laterosporus LMG 15441 genome to identify a
locations that might produce the dim ~550 bp band present in some of the B. laterosporus field
isolates but none of the predicted alignment locations would produce an amplicon this size.
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Figure 2-3. BLrpoB primers on Paenibacillus and Brevibacillus bacteria. (A) 1 – P. larvae
ATCC 9545, 2 – PL338, 3 – PL357-1, 4 – BL1, 5 – BL2, 6 – BL3, 7 – BL4, 8 – BL5, 9 – BL6,
10 – BL7, 11 – BL8, 12 – BL9, 13 – BL10, 14 – BL11, 15 – BL12, 16 – BL13, 17 – BL14, 18 –
B. laterosporus 40A1. (B) 19 – B. brevis, 20 – P. polymyxa, 21 – P. alvei, 22 – Paenibacillus sp.
JDR-2, 23 – Brevibacillus sp. (field isolate).

Brevibacillus phages isolated
Seven new Brevibacillus phages were isolated from bee debris or bee larvae using field
isolates BL2, BL6, and BL14 (Table 2-3). Phages Powder and Sundance were co-isolated and
not separated prior to electron microscopy or sequencing.
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Table 2-3. Brevibacillus phages isolated.
Phage Name

Sample location

Fawkes
SecTim467
Lauren
Osiris
Powder
Sundance
Jenst

American Fork, UT
Orem, UT
Springville, UT
Salt Lake City, UT
Eden, UT
Eden, UT
Salt Lake City, UT

Sample type used
in enrichment
Bee debris
Bee debris
Bee larva
Bee larva
Bee debris
Bee debris
Bee debris

Bacterial strain used
for phage isolation
BL2
BL2
BL2
BL2
BL14
BL14
BL6

Electron micrographs of B. laterosporus phages
Electron micrographs of the seven new phages indicate they have either myovirus or
siphovirus morphotypes (Figure 2-4). The phages that infect BL2 and BL6 reported previously
were all myoviruses (59). Sundance, Jenst, and SecTim467 are the first siphoviruses to be
isolated that infect Brevibacillus bacteria. Structural measurements of these phages are reported
in Table 2-4.

Table 2-4. Structural measurements of Brevibacillus phages.
Measurements are reported are average lengths of three or more structures, in nanometers, with
standard deviations. Only one virion of SecTim467 was imaged and measured, so no standard
deviations are reported.
Capsid
width
(nm)
63.7 ± 3.7

Tail length
(nm)

Osiris

Capsid
height
(nm)
64.0 ± 4.0

Contracted
sheath length
(nm)
49.2 ± 3.7

Contracted sheath
width (nm)

114.8 ± 5.8

Tail
width
(nm)
7.2 ± 0.8

Fawkes

71.4 ± 4.6

68.2 ± 4.3

116.3 ± 0.8

7.8 ± 0.5

47.1 ± 3.3

23.1 ± 1.2

Lauren

61.9 ± 3.5

61.6 ± 1.2

96.9 ± 11.3

6.3 ± 0.8

41.5 ± 2.9

21.2 ± 1.1

Powder

65.7 ± 1.7

63.9 ± 5.3

120.3 ± 7.9

7.9 ± 1.2

52 ± 11.2

23.9 ± 5.0

Sundance

96.4 ± 4.0

94.4 ± 4.7

403.7 ± 36.8

13 ± 1.97

---

---

SecTim467

99.9

94.7

397.1

12.8

---

---

Jenst

86.8 ± 6.1

86.9 ± 8.3

286.2 ± 22.5

11.7 ± 2.0

---

---
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20.9 ± 1.4

Figure 2-4. Electron micrographs of seven B. laterosporus phages. (A) Brevibacillus phage
Jenst. (B) Brevibacillus phage Lauren. (C) Brevibacillus phage Osiris. (D) Brevibacillus phage
Powder. (E) Brevibacillus phage Sundance. (F) Brevibacillus phage SecTim467. (G)
Brevibacillus phage Fawkes. (H) Brevibacillus phage Fawkes attached to BL2 bacterium.

Host range of Brevibacillus phages
Following isolation, B. laterosporus phages were used to infect other field isolates as
well as nine B. laterosporus strains from BGSC. B. laterosporus bacteria were tested for
susceptibility to phages using both spot tests and plaque formation assays. Table 2-5 indicates
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bacterial susceptibility to B. laterosporus phage infection. While Emery/Abouo, Fawkes, and
Lauren infected B. laterosporus 40A1, no other plaques formed when all other phages were
tested on 40A1 and 40A9. While most spot tests formed a homogeneous clearing on susceptible
strains, plaques were visible in a few spots.

Table 2-5. Host range of B. laterosporus phages. The underlined “+” designations indicate the
bacteria used for isolation of each phage.
BL2

BL6

BL14

40A1

40A2

40A3

+

Jimmer1

++++

++++

+

Jimmer2

++++

++++

+

Osiris

++++

++

++

+

Fawkes

++++

++

+++

+

Lauren

++++

++++

+

Powder/Sundance

+++

+++

+++

SecTim467

+++

+++

++

++

40A4

40A5

40A6

40A8

+

++

++

+

+

++++

++

+

+

+

+

40A9

40A10

+++

+

+++

Jenst

++++

+

+

+++

Davies

++++

++++

++

+

+++

+++

+++

Emery/Abouo

++++

++++

++++

+

+++

+++

++

+++

DNA sequences of Brevibacillus phages
All seven phages were submitted for 454 sequencing. Newbler 2.9 failed to assemble
Fawkes and Lauren into complete phage genomes. However, comparison with Jimmer1 using
Gepard indicates that Fawkes and Lauren are similar to Jimmer1 (Figure 2-5). Phages Osiris,
Powder, Jenst, SecTim467, and Sundance were annotated and submitted for publication. Basic
genome attributes of the five sequenced phages are listed in Table 2-6.

21

Figure 2-5. Dotplot of phages Fawkes and Lauren compared with Jimmer1. Unassembled
contigs in phage Lauren (A) and Fawkes (B) compared with the complete genome of Jimmer1.
Dark lines indicate genome similarity.

Table 2-6. Attributes of five sequenced B. laterosporus phages.
Phage Name

GenBank
Accession

Fold
coverage

Genome
length (bp)

ORFs

tRNAs

GC content
(%)

Morphology

Osiris

KT151956

351.6

52,955

103

0

38.10

Myovirus

Powder

KT151958

73.528

52,992

104

0

38.14

Myovirus

Jenst

KT151955

87.3

126,341

178

6

42.89

Siphovirus

SecTim467

KT151957

122.9

130,482

183

6

42.71

Siphovirus

Sundance

KT151959

20.425

134,270

195

0

35.50

Siphovirus

Fawkes

Assembly
failed
Assembly
failed

Lauren

---

---

---

---

---

Myovirus

---

---

---

---

---

Myovirus
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The five previously sequenced Brevibacillus phages were oriented to place the terminase
proteins near the beginning of the genome, followed by the structural genes in the forward
direction. Analysis using PAUSE indicated that phages Jimmer1, Jimmer2, Powder, Osiris,
Abouo, Davies, and Emery did not have any direct terminal repeats (DTRs). However, PAUSE
identified short DTRs in SecTim467, Jenst, and Sundance that were 359 bp, 359 bp, and 323 bp
long, respectively. The plot created by PAUSE used to identify the DTRs in phage Jenst is
shown in Figure 2-6.

Figure 2-6. Identification of DTRs in Brevibacillus phage Jenst. The DTRs are identified by
sharp increases or decreases in coverage. The boundaries of the DTR are defined by the tall red
line (sense start) and the tall pink line (antisense start).

Comparative genomics of Brevibacillus phages
The ten correctly oriented Brevibacillus phage genomes were analyzed using Gepard to
identify cluster relationships. Visual assignment of clusters indicates that phages Jimmer1,
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Jimmer2, Powder, Osiris, Abouo, and Davies belong to a single cluster (Figure 2-7). Incomplete
assembly data (Figure 2-5) indicates that phages Fawkes and Lauren may also belong in this
cluster. Phages SecTim467 and Jenst also form a cluster, while Emery and Sundance remain
singletons.

Figure 2-7. Dotplot of ten Brevibacillus phage genomes. Brevibacillus phage genomes are
arranged into clusters based on 50% nucleotide similarity. Phages Emery and Sundance are
singletons.
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Discussion
Brevibacillus bacteria can be isolated from a wide variety of sources, including beehives
(49), and produce antibacterial compounds. Therefore, the isolation of B. laterosporus using
media and protocols selective for P. larvae is not altogether surprising. BLAST results for 16S
rRNA gene sequences from field isolates BL1 through BL14 included an apparent close match to
the 16S rRNA gene sequence from P. larvae subsp. pulvifaciens strains DSM 8442 and 8443.
Because bacteria belonging to the Brevibacillus and Paenibacillus genera are part of the family
Paenibacillaceae, it was possible that the B. laterosporus field isolates were weakly related to P.
larvae. However, analysis of B. laterosporus field isolates using curated databases for 16S rRNA
gene sequences (RDP and Greengenes) indicated that they, along with the P. larvae subsp.
pulvifaciens DSM 8442 and 8443 sequences clearly belong to the Brevibacillus genus. This
finding is supported by the phylogenetic tree containing 31 16S rRNA gene sequences from the
Paenibacillaceae family (Figure 2-1). In the tree, the rRNA gene sequences retrieved from NCBI
are grouped by genus and species according to currently accepted taxonomic relationships. These
relationships indicate that all ten sequenced B. laterosporus field isolates, B. laterosporus 40A6
and B9, and P. larvae subsp. pulvifaciens DSM 8442 and 8443 share a more recent common
ancestor than the other B. laterosporus strains in the tree. It is possible that the submitters of the
P. larvae subsp. pulvifaciens sequences intended to isolate P. larvae but isolated B. laterosporus
instead, as was done with the B. laterosporus field isolates discussed here (BL1-14).
PCR using primers specific for the P. larvae rpoB gene followed by gel electrophoresis
indicates some variability among B. laterosporus field isolates. All B. laterosporus field isolates
produced a ~400bp amplicon similar to the P. larvae strains except BL8, which produced a
slightly smaller amplicon. However, B. laterosporus field isolates BL2, BL3, BL6, BL7, BL8,
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BL9, BL10, and BL14 produced an additional 200bp amplicon. Sequence analysis indicated that
this smaller amplicon was not from the rpoB gene of B. laterosporus but was instead from a
putative transcriptional regulator. Alignments of the PLrpoB primers to two regions in B.
laterosporus LMG 15441 predict the band sizes observed on the gel and clearly show that both
bands appeared due to false priming where primers amplified despite not having a perfect match
with template DNA. The relatedness of P. larvae and B. laterosporus is likely reflected in the
sequence of the rpoB gene, such that some amplification of the B. laterosporus rpoB gene is
possible using primers targeted to the P. larvae rpoB gene. The poorer alignment of the PLrpoB
primers to the transcriptional regulator gene compared to the rpoB gene of B. laterosporus,
together with genetic variation between the strains is likely the reason the ~200 bp amplicon was
not produced in each B. laterosporus field isolate. These data indicate that primers designed to
differentiate between closely related species of bacteria may amplify similarly sized bands and
may not permit identification of the species based on gel electrophoresis alone. Sequencing and
subsequent BLAST alignment is required. PCR amplification using BLrpoB primers appears to
produce an amplicon only if the bacterium being tested is B. laterosporus or B. brevis.
The seven new Brevibacillus phages isolated expand our understanding of this genus and
the phages that infect it. Phages SecTim467, Jenst, and Sundance represent the first siphoviruses
isolated that infect Brevibacillus. Phages Fawkes, Lauren, Osiris, and Powder are myoviruses
similar in size and morphology to the five characterized previously (59). Although the sequence
assembly was incomplete for phages Fawkes and Lauren, there is enough similarity in the
dotplot to assign it to the same cluster as Jimmer1 and other related phages. This cluster is
reaffirmed by similar host range of phages in this cluster, specifically Osiris and Powder.
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The host range data collected for B. laterosporus phages indicates that the phages had a
difficult time infecting B. laterosporus strains from BGSC than the strains they were isolated on.
Because B. laterosporus is effective at killing many bacteria, fungi, and insects (49), one
potential application for B. laterosporus phages is to clean up B. laterosporus that has been
introduced into an environment as a biocontrol agent. Of the phages listed in Table 2-5, the
phages likely to be most useful for this purpose are Emery/Abouo or Davies.
Future Directions
Data from tests on field isolates and from curated databases indicate that P. larvae subsp.
pulvifaciens DSM 8442 and 8443 are indeed B. laterosporus. In light of these data, the species
label for the entry in NCBI should be changed to Brevibacillus laterosporus. Species
identification of B. laterosporus field isolates can be strengthened through further molecular
analysis including multi-locus sequence typing as was done previously with P. larvae (63) or full
genome sequencing. Because individual plaques were not seen for every phage following
infection and plating of B. laterosporus bacteria with B. laterosporus phages, this test ought to be
redone using a lower concentration of B. laterosporus bacteria. Updates to GenBank records for
phages Jimmer1, Jimmer2, Abouo, Davies, and Emery have been submitted that change the titles
from Paenibacillus phages to Brevibacillus phages.
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3. COMPARATIVE GENOMICS OF FIVE BREVIBACILLUS PHAGES
Foreword
The following article was published in BMC Genomics in August 2014. References for
this paper are listed at the end of the chapter, separate from the references in the rest of this
work. At the time of publication, field isolates designated PL2 and PL6 were believed to be P.
larvae. Phages Jimmer1, Jimmer2, Abouo, Davies, and Emery were also believed to be
Paenibacillus larvae phages. Based on the data presented in the previous chapter, isolates PL2
and PL6 are now known to be Brevibacillus laterosporus. Although the five phages
characterized in this manuscript are now believed to be B. laterosporus phages, the genomic
comparisons are still informative. P. larvae and B. laterosporus both belong to the family
Paenibacillaceae and are the only two genera in the family that have phages with published
genomes. A future publication on the data presented in Chapter 2 will serve to disseminate the
new findings that the bacterial isolates in the following article are B. laterosporus and the phages
are the first Brevibacillus phages ever characterized or sequenced.
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Abstract
Background: Paenibacillus larvae is a Firmicute bacterium that causes American Foulbrood, a lethal disease in
honeybees and is a major source of global agricultural losses. Although P. larvae phages were isolated prior to
2013, no full genome sequences of P. larvae bacteriophages were published or analyzed. This report includes an
in-depth analysis of the structure, genomes, and relatedness of P. larvae myoviruses Abouo, Davis, Emery, Jimmer1,
Jimmer2, and siphovirus phiIBB_Pl23 to each other and to other known phages.
Results: P. larvae phages Abouo, Davies, Emery, Jimmer1, and Jimmer2 are myoviruses with ~50 kbp genomes. The
six P. larvae phages form three distinct groups by dotplot analysis. An annotated linear genome map of these six
phages displays important identifiable genes and demonstrates the relationship between phages. Sixty phage
assembly or structural protein genes and 133 regulatory or other non-structural protein genes were identifiable
among the six P. larvae phages. Jimmer1, Jimmer2, and Davies formed stable lysogens resistant to superinfection by
genetically similar phages. The correlation between tape measure protein gene length and phage tail length
allowed identification of co-isolated phages Emery and Abouo in electron micrographs. A Phamerator database was
assembled with the P. larvae phage genomes and 107 genomes of Firmicute-infecting phages, including 71 Bacillus
phages. Phamerator identified conserved domains in 1,501 of 6,181 phamilies (only 24.3%) encoded by genes in the
database and revealed that P. larvae phage genomes shared at least one phamily with 72 of the 107 other phages.
The phamily relationship of large terminase proteins was used to indicate putative DNA packaging strategies.
Analyses from CoreGenes, Phamerator, and electron micrograph measurements indicated Jimmer1, Jimmer2, Abouo
and Davies were related to phages phiC2, EJ-1, KC5a, and AQ113, which are small-genome myoviruses that infect
Streptococcus, Lactobacillus, and Clostridium, respectively.
Conclusions: This paper represents the first comparison of phage genomes in the Paenibacillus genus and the first
organization of P. larvae phages based on sequence and structure. This analysis provides an important contribution
to the field of bacteriophage genomics by serving as a foundation on which to build an understanding of the
natural predators of P. larvae.
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Background
Paenibacillus larvae (P. larvae) is a sporulating Firmicute. It is the causative agent of American Foulbrood
(AFB), a disease that infects and destroys the larvae of
honeybees (Apis mellifera). The first eight P. larvae phages
were reported between 1955 and 1999 and included BLA
[1], L3 [2], BL2 [3], PBL1 [4], PBL0.5 [5], PBL2 [5], PBL3
[6], and PPL1c [7]. These phages have not been sequenced. Most of these phages were isolated from lysogens and were used to characterize different strains of P.
larvae [8-10]. Phages that infect P. larvae were originally
identified as Bacillus larvae phages; however, the names of
these phages were changed to Paenibacillus larvae phages
following the reclassification of the bacteria [11,12].
Recent advances in DNA sequencing technology have
made it possible to sequence many bacteriophage genomes. When these sequences are analyzed, putative protein functions can be determined. Other studies have used
comparative genomics to organize phages into related
clusters [13], correlate phage packaging mechanisms with
large terminase protein sequences [14], and study gene
transfer, phylogenetic relationships, and impacts on host
virulence [15,16].
Comparative genomics can be accomplished using software specialized for phage genomes such as the computer
program, Phamerator [17]. Phamerator incorporates available data for each genome entered into its database, such
as bacterial host, annotations of genes from GenBank, and
conserved domains [18]. Phamerator compares each gene
product in the database to each other using BLASTP [19]
and ClustalO [20], the scores of which are used to create
phamilies (phams) of related gene products. Phamerator
provides visual tools such as full genome comparison
maps and can display the relationships between proteins
within a pham using a circular diagram (pham circle). Proteins within each pham must meet or exceed user-defined
cutoffs for E-values and percent identity for at least one
other gene product in the pham. Strict cutoffs result in
phams that indicate a shared similar function and predict
phylogenetic relationships.
In 2013, six P. larvae phages were isolated. These
phages were fully sequenced and their genomes published [21,22]. P. larvae siphovirus phiIBB_Pl23 was isolated in Portugal [21] and P. larvae myoviruses Abouo,
Davies, Emery, Jimmer1, and Jimmer2 were isolated in
Utah [22]. In this report we compare the genomes of
the six fully-sequenced P. larvae phages, categorize all
published P. larvae phages into three groups based on
structural morphology, use Phamerator to analyze previously unexplored Paenibacillus phages, and explore
genetic relationships of the P. larvae phages with 107
other phages that infect Firmicute hosts. We identify
gene products with conserved domains including a putative bacteriocin, serine recombinase, and antirepressor,

and investigate their conservation among P. larvae
phages. Results from Phamerator and CoreGenes indicate a relationship between four P. larvae phages and
four small genome myoviruses that infect Lactobacillus,
Clostridium and Streptococcus. These results show that
comparisons can be drawn between phages that infect a
phylum and provide a basis for analyzing and comparing newly isolated phages that infect P. larvae.

Results
Bacterial identification, phage isolation, and
phage sequencing

Bacterial isolates were collected from spores found in
honey samples. All characteristic tests for P. larvae were
positive: the isolates grew on PLA plates and were catalase negative and Gram-positive. PCR products from
16S rRNA primers were sequenced using BigDye sequencing. BLAST results from nine of the ten 16S rRNA
sequences showed more than 99% similarity with Paenibacillus larvae subsp. pulvifaciens strains DSM 8442 and
DSM 8443 as well as the related bacteria Brevibacillus
laterosporus. Of nine isolates, PL2 and PL6 were used
for phage isolation. Phages Abouo, Davies, and Emery
were isolated using PL6, while phages Jimmer1 and
Jimmer2 were isolated using PL2.
Each P. larvae phage sample was plaque-purified at
least three times, sequenced, and published [22]. Prior to
genome sequencing and electron microscopy we were
unaware that one phage sample still contained two different phages. Plaque purification did not successfully
separate these two phages. However, assembly of the genomes revealed two clearly independent genomes that
separated with ease with over 100-fold coverage of the
genomes. These co-isolated phages were named Emery
and Abouo. Results from sequencing and annotation of
the six P. larvae phages are found in Table 1. The genomes varied in length from ~40 kb to ~58 kb. Most of
the genes in each genome were located on the forward
strand (90% ± 3%). The average G + C content for these
phages is 39.48% ± 1.41%. BLAST hits for proteins within
these phages included both Paenibacillus and Brevibacillus bacterial strains as well as bacteriophages that infected
other Firmicutes.
Phage cross-infectivity, lysogeny, and lysogen
superinfection

Plaques from the sample containing Emery and Abouo
were clear while plaques from the other three phages
were hazy. Phages Jimmer1 and Jimmer2 were isolated
independently using PL2 and neither of these phages
could infect PL6. Phages Davies and Emery/Abouo were
isolated using PL6 and these phages could not infect
PL2. None of these phages were able to produce plaques
on lawns of B. cereus, B. subtilis, L. acidophilus, S.
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Table 1 Characteristics of sequenced Paenibacillus larvae bacteriophages
P. larvae phage

Host strain of
P. larvae

Accession
number

Genome
length

Number of
genes

Forward
genes

Reverse
genes

GC content

Abouo

PL6

KC595517

45552 bp

102

86

8

39.16%

Davies

PL6

KC595518

45798 bp

94

84

10

39.10%

Emery

PL6

KC595516

58572 bp

94

87

15

41.44%

Jimmer1

PL2

KC595515

54312 bp

102

91

11

38.11%

Jimmer2

PL2

KC595514

54312 bp

102

91

11

38.10%

phiIBB_Pl23 *

H23

KF010834

41294 bp

68

63

5

40.94%

*Paenibacillus phage phiIBB_Pl23 data from [21].

Because phages Emery and Abouo were not separated,
micrographs for these phages were taken from the same
copper grid.

aureus, or S. epidermidis. Of the four phage samples,
three formed stable lysogens: Jimmer1 in PL2, Jimmer2
in PL2, and Davies in PL6. Stable lysogens were identified when phages were not able to superinfect bacteria
lysogenic for the same phage. The lysate containing
Emery and Abouo induced lysis in the PL6 Davies lysogen.
No other superinfection or induced lysis was observed in
any other lysogen-phage combinations. The sample containing Emery and Abouo did not form a stable lysogen
and no superinfection data were obtained.

Sequence similarities between phages

Gepard dotplots of the full genome sequences for all six
P. larvae phages are shown in Figure 2. Diagonal lines
within the dotplots indicated that phages Abouo, Davies,
Jimmer1, and Jimmer2 were very similar to each other.
Host specificity was also reflected in similarities between
these four phages. For instance, the PL2 phages Jimmer1
and Jimmer2 shared 99.8% average nucleotide identity and
the PL6 phages Abouo and Davies shared 94.9% identity.
However, the average nucleotide identity between PL2
phages Jimmer1 and Jimmer2 and PL6 phages Abouo and
Davies was only 80.5%. The lack of diagonal lines in the
dotplot indicated that phages Emery and phiIBB_Pl23
were very different from the other P. larvae phages examined. While the Emery and Abouo phages were found in
the same sample, sequences assembled independently
without conflict with over 100-fold coverage for each

Electron microscopy reveals myovirus structure for five
P. larvae phages

Electron microscopy revealed that these five P. larvae
phages were myoviruses, marked by the presence of a
contractile tail sheath (Figure 1). Figure 1A shows tail
structures separated from the phage capsids. These tail
structures were more abundant than intact phages in all
samples submitted for electron microscopy. Figure 1B,
1C, 1E, and 1F show intact phages with contracted tail
sheaths, while Figure 1D shows an extended tail sheath.

Figure 1 Electron micrographs of P. larvae phages. A) Tails and tail sheaths of P. larvae phages separated from the capsids (Jimmer1). These
structures were more abundant than intact phages in electron micrographs. Scale bar represents 0.2 μm. B) Phage Abouo. C) Phage Davies. D)
Phage Emery. E) Phage Jimmer1. F) Phage Jimmer2. Scale bars represent 50 nm for panels B-F.
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Distinguishing between phages Emery and Abouo

In addition to the separation of unique DNA sequences
for Emery and Abouo in the same sample, two markedly
different phages were present in electron micrographs
based on measurements of capsid height and tail length.
Putative tape measure protein (TMP) genes were identified in each phage genome. The TMP gene found in
Emery (gp16) was 3,000 bp long, while the TMP gene in
Abouo (gp20) was 2,055 bp long, showing that the TMP
gene in Emery was 1.46 times longer than the TMP gene
in Abouo. The positive correlation between TMP gene
length and tail length [24] was used to suggest a correlation between phages Emery and Abouo in electron micrographs and their respective genome sequences. The
average tail length for Emery was 162.2 nm long while
the average tail length for Abouo was 113.6 nm, making
the tail of phage Emery 1.43 times longer than the tail of
phage Abouo (Table 2). In comparison, the TMP gene of
Emery was 1.46 times longer than the TMP gene in
Abouo. Based on this data, we matched the long TMP
gene and tail length with Emery, and the short TMP
gene and tail length with Abouo (Figure 1).
Measurements from electron micrographs

P. larvae phages were separated into three distinct
groups based on structural morphology. The first group
of phages were myoviruses (icosahedral capsids and contractile tails) and included phages Abouo, Davies, Emery,
Jimmer1, Jimmer2, PBL0.5 [5], and PBL2 [5]. There were
two distinct groups of phages that were siphoviruses.
The first siphovirus group contains phages BLA [1],
PBL1 [4], and PPL1c [7]. These phages had long, noncontractile tails and elongated capsids. The second
siphovirus group contained only PBL3 which had a
round capsid [6]. Phage phiIBB_Pl23 was also a siphovirus [21], but could not be categorized into one of the
two siphovirus groups because images or measurements
were not yet available. There was no apparent correlation
between the type of phage and where the phage was isolated. Measurements taken from all published electron
micrographs of P. larvae phages are shown in Table 2.
Measurements for phages Abouo, Davies, Emery, Jimmer1,
and Jimmer2 were taken from at least three different intact
phages. Phages grouped into categories by morphology type
were found to have similar structural measurements. The
structures of the P. larvae myoviruses were similar in size
with an average capsid height of 67.2 ± 3.2 nm and an average width of 64.1 ± 2.6 nm. The average tail length was
122.0 ± 27.3 nm and was the most variable of the measured
phage features.

Figure 2 Dotplots of six P. larvae phage genomes. A) Nucleic
acid comparison of full genomes. B) Amino acid comparison of
coding regions in each genome.

genome [22]. No similarities between the sequences of
Emery and Abouo were apparent in the dotplot (Figure 2).
However, a black line indicates a small section of homology between Emery and Davies that Davies does not
share with Abouo. Because Emery and Abouo were coisolated and sequenced together, individual reads in these
sections of Emery, Davies, and Abouo were scrutinized
using Consed [23] to ensure the assemblies were correct.
The fold coverage before, throughout, and after these sections of Emery, Davies, and Abouo was at least 80.

Frameshift in P. larvae phage Emery

Phage Emery exhibited a putative ribosomal slippage site
in gp4 that encoded for a head morphogenesis protein
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Table 2 Comparison of Paenibacillus larvae phage structures from electron microscopy data
Phage name

Place isolated

Capsid height
(nm)

Capsid
width (nm)

Tail length
(nm)

Tail width
(nm)

Contracted sheath
length (nm)

Contracted sheath
width (nm)

Abouo

Utah, USA

68.3 ± 5.6

65.1 ± 3.6

113.6 ± 2.6

12.7 ± 3.8

45.7 ± 5.0

24.0 ± 2.3

Davies

Utah, USA

68.1 ± 4.5

61.7 ± 3.2

125.4 ± 0.2

9.8 ± 0.7

83.0 ± 0

19.2 ± 0

Emery

Utah, USA

73.5 ± 3.2

66.0 ± 3.3

162.2 ± 5.2

11.0 ± 1.4

82.9 ± 0

25.5 ± 0

Jimmer1

Utah, USA

68.2 ± 3.6

61.3 ± 3.9

98.9 ± 14.7

11.9 ± 1.4

43.1 ± 1.5

23.3 ± 2.5

Myoviridae

Jimmer2
PBL0.5c* (and PBL2 *)
BL2*

Utah, USA

62.9 ± 2.5

66.3 ± 2.2

75.6 ± 8.7

7.7 ± 0.3

42.9 ± 2.4

20.6 ± 0.4

Georgia (Minnesota)

66.3 ± 3

66.3 ± 3

142.0 ± 1

9.2 ± 0.9

92.0 ± 1

22.5 ± 1.2

Unknown

64.1 ± 1.1**

60.1 ± 3.9**

116

7

76

19

140 ± 2.8

10.1 ± 0.9

—

—

Siphoviridae
phiIBB_Pl23*

Portugal

Not published

Round capsid
PBL3*

USA

62.2 ± 2.2**

70 ± 2.1

Elongated capsid
BLA*
PBL1* (and PPL1c *)

Czechoslovakia

150

68

280

13

—

—

USA

95.9 ± 2.6

52.5 ± 1.9

131.8 ± 1.5

9.4 ± 0.6

—

—

*Data for Paenibacillus larvae phages BLA, BL2, PBL1, PBL2, PBL0.5c, PBL3, PPL1c, and phiIBB_Pl23 were taken from referenced publications [1,3-7,21,22].
Independent electron microscopy data for phages PBL2 and PPL1c were not published; instead, they were reported to be indistinguishable from PBL0.5c and
PBL1, respectively.
**Measurements were taken from published electron micrographs instead of reported data which were either not presented or were inaccurate.
— Phage measurements were not taken.

13,697 putative proteins in the database. The remaining
3,948 (28.8%) putative proteins could not be grouped with
other proteins and were designated as “orphams” [17].
The Phamerator database allowed comparison of P. larvae phage genes to each other and to phages infecting
other bacteria. A spreadsheet was exported from the Phamerator database to report all phage gene products in the
database, the phams to which the gene products are
assigned, and the conserved domains found in gene products in those phams (Additional file 2). Table 3 indicates
how many putative proteins in each P. larvae phage are
orphams, are shared only with P. larvae phages, or are
shared with phages infecting other bacterial hosts. Putative
proteins from Jimmer1 and Jimmer2 shared phams with 56
non-P. larvae phages, while Abouo shared phams with 52,
Davies with 53, Emery with 24, and philBB_P123 with 57
other non-P. larvae phages. Between the six P. larvae
phages, there are phams shared with 72 non-P. larvae
phages of the 107 (67.3%) included in the database. Of 562
genes in the six P. larvae phages, only 114 (20.3%) encoded
proteins grouped into phams with proteins from other
types of phages in the database. Of the remaining genes,
300 (53.4%) encoded proteins that were grouped into
phams containing only P. larvae phage proteins and 148
(26.3%) were orphams.
Pham groupings reflected the genetic relationships of
P. larvae phages. The genomic sequence comparison of
Jimmer1 and Jimmer2 using ClustalW identified differences in 80 bp of the 54,312 bp genomes (99.85%

in the SPP1 gp7 family. This frameshift was identified by
the online frameshift finding tool FrameD [25]. The two
products in Emery are predicted to be 82.5 kDa following ribosomal slippage and 58.9 kDa if there is no slippage. The presence of both head morphogenesis proteins
in the Emery virion has not yet been verified. We were unable to detect a putative frameshift via FrameD in Bacillus
phage SPP1 or any protein sequence homology using
BLASTP between the morphogenesis proteins in Emery
and SPP1.
P. larvae phage genomic comparison using Phamerator
software

A database of phage genomes related to the P. larvae
phages was assembled for analysis using the phage genome comparison program Phamerator [17]. The finished
Phamerator database contained a diverse set of phages
that infected Firmicute bacteria including the 6 P. larvae
phage genomes, 71 Bacillus phages, 1 Clostridium phage,
3 Enterococcus phages, 2 Geobacillus phages, 7 Lactobacillus phages, 6 Listeria phages, one Paenibacillus glucanolyticus phage, 15 Staphylococcus phages, and 1 Streptococcus
phage (Additional file 1). Phages included in the database
were selected based on BLAST hits to gene products identified during annotation of the P. larvae phage genomes.
Phamerator grouped the 13,697 putative proteins annotated
in the 113 phage genomes into 6,181 phamilies (phams).
Only 2,233 phams (36.1%) contained two or more members. These 2,233 phams contained 9,749 (71.1%) of the
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Table 3 Comparison of P. larvae phage genes
Phage name

Genes in pham
with non-PL phage

Genes only in
PL phages

Orphams

# of genes

# of genes with
BLAST* hits (%)

# of genes with BLAST*
functions (%)

# of genes
with CD (%)

Abouo

24

63

7

94

86 (91%)

47 (50%)

41 (44%)

Davies

23

67

4

94

85 (90%)

48 (51%)

42 (45%)

Emery

12

9

81

102

74 (73%)

40 (39%)

33 (32%)

Jimmer1

22

80**

0

102

92 (90%)

50 (49%)

50 (49%)

Jimmer2

22

80**

0

102

92 (90%)

50 (49%)

50 (49%)

phiIBB_Pl23

11

1

56

68

55 (81%)

32 (47%)

27 (39%)

All P. larvae phages

114

300

148

562

484 (86%)

267 (48%)

243 (43%)

*BLAST hits had an E-value of less than 1 × 10−4.
**Of the 80 P. larvae phage genes in Jimmer1 and Jimmer2, 31 are not found in any other phages in the database.

similar) [22]. All corresponding genes between Jimmer1
and Jimmer2 shared the same phams. Of the 80 P. larvae
phage genes in Jimmer1 and Jimmer2, 31 were unique
to these two phages and were not found in any other
phages in the database. These 31 genes would be orphams if Jimmer2 were not isolated (Table 3).
Phamerator identified conserved domains in at least
one gene in 1,501 phams (24.3%) of the total 6,181
phams in the database. Although many P. larvae phage
genes encoded proteins with significant BLAST hits, less
than half of the proteins had a known function. Of all P.
larvae phage putative proteins, 86% had a BLAST hit
with an E-value less than 1 × 10−4 (see Table 3), yet only
48% of the proteins returned BLAST hits listing a function. Conserved domains were identified in only 43% of
the P. larvae phage putative proteins (Table 3). Phages
Emery and phiIBB_Pl23 contained the most orphams,
the fewest BLAST hits, and the most putative proteins
with no identifiable conserved domains.

Few proteins with known functions were identified as putative virulence factors. BLAST results indicate that gp26 in
P. larvae phage phiIBB_Pl23 is a protein that is toxic to insect larvae. No toxin genes were identified in the P. larvae
myoviruses. Other host-related proteins include an ABC
transporter-like protein found in P. larvae phages Abouo,
Davies, Jimmer1, Jimmer2, and phiIBB_Pl23 as well as an
XRE-family transcriptional regulator found in all P. larvae phages. The five myoviruses contained between five
and ten of these regulators per genome compared to
only two in the siphovirus phiIBB_Pl23. Abouo gp51,
Jimmer1 gp58, Jimmer2 gp58 and Emery gp40, gp64,
and gp65 (Table 5) are the only transcriptional regulators that share a pham with a non-P. larvae phage. All
others are only found in P. larvae phages. It is not
known what effects these transcriptional regulators have
on the host, but they do contain a canonical helix-turnhelix (HTH) domain. Very few of the regulatory genes
in these phages have known functions.

P. larvae phages share structural and regulatory genes
with similar functions

Phage genome organization and pham groupings
indicate relatedness of four P. larvae phages

Conserved domains and BLAST hits matching phage or
bacterial proteins were used to assign functions to 234
gene products in the six P. larvae phages, indicating that
these genes were not novel and were characteristically
found in other phages. The assembly and structural proteins were grouped according to function in Table 4.
The regulatory and non-structural proteins are listed in
Table 5. The pham assignment for each gene is shown in
parentheses. Pham numbers are specific to the Phamerator database used for this analysis.
Most of the functions listed in Tables 4 and 5 describe
proteins found in more than one phage. For example, all
five of the P. larvae myoviruses contained seven proteins
that belonged to the same family or superfamily but not
always to the same pham. The function of these proteins
includes head morphogenesis, tape measure, baseplate
(see Table 4), LysM peptidoglycan binding, peptidoglycan hydrolase, PBSX, and bacteriocin (see Table 5).

A linear genome map of the six P. larvae phages shows
that the genes in phages Jimmer1, Jimmer2, Abouo, and
Davies are organized similarly (Figure 3). Identically colored genes encode products that share a pham, while
white genes encode orpham gene products. There are 58
phams that each contained gene products from phages
Abouo, Davies, Jimmer1, and Jimmer2. Proteins in 30 of
these phams had identifiable functions based on BLAST
hits and are italicized in Tables 4 and 5. Of the 58 conserved phams, 38 did not contain homologs from any other
phage in the database. Of the remaining 20 phams that
have homologs from other phage types, three of the most
populated phams are those containing small terminase (13
members), large terminase (14 members), and portal protein (13 members). Of the 16 other phages that shared one
of these phams with the four similar P. larvae myoviruses,
only three phages shared all three phams: Staphylococcus
phages 37, 88, and PH15.
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Table 4 P. larvae phage assembly proteins and structural proteins; gene product # and (pham #, specific to this analysis)
Function

Abouo

Davies

Jimmer1 and 2

Terminase small subunit

gp1 (1)

gp1 (1)

gp1 (1)

Terminase large subunit

gp2 (2)

gp2 (2)

gp2 (2)

Phage portal protein

gp3 (3)

gp3 (3)

gp4 (3)

SPP1 Gp7 family head
morphogenesis protein

gp4 (4)

gp4 (4)

gp5 (4)

Phage virion morphogenesis
family protein
Phage minor structural
GP20 family protein

gp1 (656)
gp3 (5610)

gp4 and 5 (5611)

gp5 (5)

gp5 (5)

gp6 (5)

gp7 (7)

gp7 (7)

gp8 (3028)

gp6 (5612)
gp5 (659)

DNA packaging protein

gp9 (9)

gp9 (9)

gp10 (9)

gp10 (10)

gp10 (10)

gp11 (10)

Phage tail sheath protein

gp14 (14)

gp14 (14)

gp15 (14)

Tail length tape measure protein

gp20 (20)

gp20 (20)

gp24 (20)

gp16 (5622)

gp29 (27)

gp21 (5627)

Tail fiber
Tail protein

gp2 (399)
gp3 (657)

Head-tail joining protein

Baseplate J family protein

phiIBB_Pl23

gp10 (5616)

Prohead core scaffolding/protease
Phage major capsid protein E

Emery

gp27 (27)

gp27 (27)

gp30 (30), gp31 (31)

gp30 (30), gp31 (31)

gp15 (15)

gp15 (15)

gp7 (5912), gp8 (2096)

gp14 (397)

gp24 5630)
gp16 (15)

gp12 (5618),
gp18 (5624)

gp10 (5914), gp11 (5915),
gp15 (5918), gp17 (5920)

Lactobacillus phage KC5a, and Streptococcus phage EJ-1.
The similar proteins were mostly structural (Table 6) and
included the terminase (small subunit), portal, head morphogenesis, minor structural, tail sheath, and baseplate
proteins. All of the gene products listed in the table were
grouped into the same pham except for three proteins that
narrowly missed the pham cutoff values and are marked by
asterisks. The tape measure proteins in Abouo, Davies,
Jimmer1, and Jimmer2 were somewhat similar to those
found in Streptococcus phage EJ-1 (average E-value < 9 ×
10−17, average identity = 24%) and Clostridium phage phiC2
(average E-value < 8 × 10−17, average identity = 22%) but
were not near the pham cutoff values of 1 × 10−50.
The electron micrographs of P. larvae phages Abouo,
Davies, Jimmer1, and Jimmer2 reveal a structure similar
to those reported for Clostridium phages phiC2 [30],
phiCD27 [31], and phiCD119 [32], Lactobacillus phages
KC5a [33] which is reported as similar to Lactobacillus
phages KC21T [33] and phiAQ113 [34], and Streptococcus
phage EJ-1 [35]. The capsid of Clostridium phage phiC2 is
65 nm in diameter and the tail is 148 nm long. The capsid
of Streptococcus phage EJ-1 is 57 nm in diameter and the
tail is 130 nm long. The capsid of Lactobacillus phage
KC5a was not measured, however it was reported as similar to KC21T, which had a capsid diameter of 45 nm and a
tail length of 160 nm. KC5a was also reported to be genetically similar to phiAQ113, which has a capsid diameter of
55 nm, a tail length of 147 nm, and a tail sheath width of
22 nm. Phamerator grouped all KC5a gene products listed
in Table 6 into the same phams as phiAQ113 genes except

Phamily relationships of large terminase proteins indicate
putative DNA packaging strategies

Phage gene products must meet stringent parameters in
order be grouped into a pham with other genes that encode similar proteins. Because gene products in a pham
are highly similar, phylogenetic analysis indicates that
these proteins will be more closely related than others
with the same function. A neighbor-joining phylogenetic
tree grouped large terminase proteins in the Phamerator
database by phamily (Figure 4). Amino acid sequences of
large terminase proteins can indicate the DNA packaging strategy [14]. Phages Abouo, Davies, Jimmer1, and
Jimmer2 likely use headful packaging and have circularly
permuted terminal repeats based on close association
with the large terminases of well-characterized headful
packaging phages P40 [26], and SPP1 [27] which share a
pham. Phage phiIBB_Pl23 likely has 3′ cohesive ends
based on close association with phage phiSLT [28]. Further analysis of experimental data indicated that no
phams generated by Phamerator contained terminases
belonging to phages with different packaging strategies
(data not shown). The packaging strategy for phage
Emery is still undetermined because its large terminase
protein is an orpham.
P. larvae phages exhibit genetic and structural similarity
with other small genome myoviruses.

The putative proteins encoded in P. larvae phages Abouo,
Davies, Jimmer1, and Jimmer2 were often grouped into
phams with proteins in Clostridium phage phiC2,
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Table 5 Regulatory proteins and other non-structural proteins; gene product # and (pham #, specific to this analysis)
Function

Abouo

Davies

Jimmer1 and Jimmer2

Emery

LysM domain-containing
protein (peptidoglycan binding)

gp22 (22)

gp22 (22)

gp25 (22)

gp17 (5623)

Cell wall hydrolase/late
control D

gp23 (23)

gp23 (23)

gp26 (23)

Subtilisin-like
serine protease
Peptidoglycan hydrolase

phiIBB_Pl23

gp42 (3042)
gp36 (36)

gp36 (36)

gp38 (36)

gp31 (5634)

gp21 (351)

Beta-lactamase

gp47 (5949)

Holin

gp22 (5924)

Phage-like element
PBSX protein

gp26 (26), gp28 (28)

gp26 (26), gp28 (28)

gp28 (26), gp30 (28)

gp22 (5628)

gp34 (34)

gp34 (34)

gp36 (34)

gp29 (34)

gp35 (35), gp44 (44)

gp35 (35), gp44
and gp45 (44)

Antirepressor

gp41 (41),
gp68 (71)

gp41 (41), gp72 (71)

Tyrosine Recombinase XerC

gp43 (43)

gp43 (43)

gp1 (5608), gp47 (43)

Accessory gene
regulator
B family protein

gp45 (45)

gp46 (45)

gp55 (45)

bhlA/Bacteriocin
Membrane protein

gp20 (5923)

gp34 (5637), gp53
and gp54 (44)
gp19 (951), gp79 (71)

AbrB family
transcriptional regulator

gp39 (951)

gp72 (2041)

RuvC Holliday
junction resolvase

gp59 (5961)

ArpU family
transcriptional regulator

gp61 (2944)

ABC transporter-like protein

gp74 (76)

gp77 (76)

gp84 (76)

Arc-like DNA binding domain

gp52 (53)

gp54 (53)

gp62 and gp63 (53)

gp62 (65), gp63 (66)

gp66 (65), gp67 (66)

gp73 (65), gp74 (66)

gp64 (67)

gp68 (67)

Single-stranded
DNA-binding protein
HNH endonuclease
Serine recombinase

gp23 (5925)

gp75 (67)

gp64A (5966)

gp49 (3048)

gp33 (3048)

SOS-response repressor
and protease LexA

gp31 (5934)

Recombinational DNA
repair protein RecT

gp49 (5948)

Phage replication protein O

gp76 (3058)

DNA replication protein

gp66 (69)

gp70 (69)

gp77 (3059)

YopX protein

gp71 (74)

gp75 (74)

gp82 (74)

gp73 (75)

gp76 (75)

gp83 (75)

gp52 (5951)
gp99 (653)

Toxin 1
Recombinase recU
dUTPase
Site-specific DNA methylase
RNA polymerase
sigma-70 factor

gp50 (5952)
gp54 (5966)
gp26 (5928)

gp76 (78)

gp79 (78)

gp86 (78)

gp79 (3134)

gp81 (80)

gp88 (80)

gp33 (5636)

gp91 (90)

gp91 (90)

gp99 (90)

gp94 (5683)

DNA-dependent DNA
polymerase family A

gp81 (634)

Virulence-associated
E family protein

gp96 (651)
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Table 5 Regulatory proteins and other non-structural proteins; gene product # and (pham #, specific to this analysis)
(Continued)
Stage V sporulation
protein K

gp95 (4849)

VRR-NUC domaincontaining protein

gp98 (652)

Transcriptional
regulator (HTH, XRE)

gp49 (50), gp50
(51), gp51 (52),
gp54 (57),
gp56 (59)

gp51 (50), gp52 (51),
gp53 (52), gp56 (55),
gp57 (56), gp58 (57),
gp60 (59)

gp52 and gp56 (50),
gp57 (51), gp58 (52),
gp67 (59), gp18 (3031),
gp17 (3030), gp65 (3057),
gp60 (3054), gp61 (3055)

gp60 (5656), gp89 (5678),
gp40 (2605), gp65 (2691),
gp64 (2692), gp48 (5649),
gp59 (5655), gp49 (5650)

gp32 (5935),
gp55 (5957)

The program CoreGenes 3.5 was used to further compare the genes in the P. larvae phages with small-genome
myoviruses. Using the default BLASTP threshold of 75,
core proteins were identified in the five P. larvae myoviruses with respect to Clostridium phage phiCD119,
Streptococcus phage EJ-1, Lactobacillus phage KC5a, and
Lactobacillus phage AQ113. The number of core proteins
shared between comparison and reference genomes are
listed in Table 7. The percent of core proteins with respect
to the reference genome are also reported. Clostridium

the small terminase (absent in phiAQ113) and the head
morphogenesis protein.
Although P. larvae phage Emery contained gene products with the same functions as those listed in Table 6,
the proteins were all orphams. However, the first five
gene products encoded in P. larvae phage phiIBB_Pl23
(small terminase, large terminase, portal protein, protease, and major capsid proteins) all shared a pham with
similar proteins from five siphovirus Staphylococcus
phages (3A, 47, phi12, phiSLT, and tp310-2).

Figure 3 Linear genome map of the six P. larvae phages. Connecting lines between Jimmer1, Abouo, Davies, and Emery represent nucleotide
similarity (E-value less than 1 × 10−4). Genes are color-coded according to phams of the encoded protein. Gene numbers are indicated inside gene
boxes. Functions matching gene products described in Tables 4 and 5 are also displayed.
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Figure 4 Neighbor-joining phylogenetic tree of the large terminase gene products from the Phamerator database indicate proposed
packaging strategies. Colored boxes indicate proteins belonging to the same pham. Proteins that are not highlighted are orphams. Large
terminase proteins grouped into similar phams are closely related on the tree and share a packaging strategy. *Experimentally determined
headful packaging, circularly permuted terminal repeats [26,27], **Experimentally determined 3′ cohesive ends [28]. ***Experimentally determined,
long direct terminal repeats [29].

Podoviridae and Myoviridae families grouped phages
together when phages share 40% of core proteins with a
reference phage genome [36,37]. Based on this cutoff

phage phiCD119 was the only one of these phages that
belonged to a genus (phiCD119likevirus); the other
three are currently unclassified. Previous analyses of the
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Table 6 Genetic comparison of small genome myovirus phams and gene products within each pham
Function

Pham number

Phages Abouo,
Davies

Phages Jimmer1,
Jimmer2

Clostridium
phage PhiC2

Lactobacillus
phage KC5a

Streptococcus
phage EJ-1

Terminase (small subunit)

1

gp1

gp1

Portal protein

3

gp3

gp4

gp3

gp36

gp40

Head morphogenesis protein

4

gp4

gp5

gp4

(gp37)*

(gp41)**

gp34

Minor structural protein

5

gp5

gp6

gp38

(gp46)***

Tail sheath protein

14

gp14

gp15

gp13

gp45

gp53

gp25

gp53

gp61

Baseplate J family protein

27

gp27

gp29

XRE family transcriptional regulator

52

gp51, 53

gp58

Arc-like DNA-binding protein

53

gp52, 54

gp62, 63

gp5
gp53, 60

No genes in Emery were grouped into any of the phams listed in this table. Genes followed by an asterisk were not grouped into the same phams as the P. larvae
phages using Phamerator. The average E-value and percent identity when compared to Abouo, Davies, Jimmer1, and Jimmer2 is reported below:
*KC5a gp37 = 1 × 10−46, 31% identity.
**EJ-1 gp41 = 1 × 10−39, 31% identity.
***EJ-1 gp46 = 8 × 10−14, 32% identity.

value, Abouo, Davies, Jimmer1 and Jimmer2 formed a
new group of small genome myoviruses.

P. larvae siphovirus phiIBB_Pl23 contained only two
proteins that shared a pham with any new myovirus P.
larvae phages. The conserved domains in one gene
product suggest it encodes a serine recombinase protein (Jimmer1 gp49, Jimmer2 gp49, phiIBB_Pl23 gp33)
(Figure 3). The conserved domains in the other gene
product suggest it encodes a phage antirepressor protein (Jimmer1 gp19, Jimmer2 gp19, phiIBB_Pl23 gp42)
(Figure 3). Antirepressors from 13 other phages are
also assigned to this pham (pham 951 in this database),
including an antirepressor from Paenibacillus glucanolyticus phage PG1 gp28. A phamily circle links the 16
phages in the database containing a gene product in
pham 951 (Figure 5).
The siphovirus Paenibacillus glucanolyticus phage PG1
also contained three gene products that shared a pham
with P. larvae phages Abouo, Davies, Jimmer1, and
Jimmer2. Pham 90 encoded an RNA polymerase sigma-70
factor and had 5 members: PG1 gp62, Abouo gp91, Davies
gp91, Jimmer1 gp99, Jimmer2 gp99. Pham 75 encoded a

Only one pham includes all five myoviruses, and very few
phams are shared between unrelated P. larvae phages

Phages Emery and phiIBB_Pl23 are significantly different
from each other and from the four similar P. larvae myoviruses, as is evident from the genome maps in Figure 3.
However, Tables 4 and 5 demonstrate that some proteins
encoded by these phages grouped into similar phams.
Pham 34 is the only pham in the database that included
proteins from all five of the new myovirus P. larvae phages.
These gene products are Abouo gp34, Davies gp34, Emery
gp29, Jimmer1 gp36, and Jimmer2 gp36 and encode a
bhlA/bacteriocin protein (Figure 3). No other gene products
in the Phamerator database were grouped into this pham.
The conserved domain in these proteins was DUF2762, a
putative holin-like protein. When comparing amino acid
sequences, these five proteins shared > 87% identity and an
E-value less than 5 × 10−43.

Table 7 CoreGenes analysis indicates relationships among small genome myoviruses
Reference genome
(total # of gene products)

phiCD119
(53325 bp)

phiC2
(56,538 bp)

EJ-1
(42935 bp)

KC5a
(38239 bp)

phiCD119 (79 gp)

79 (100.00%)*

phiC2 (82 gp)

40 (50.63%)

82 (100%)

phiCD27 (75 gp)

29 (36.71%)

41 (50%)

EJ-1 (73 gp)

12 (15.19%)

19 (23.17%)

73 (100%)

KC5a (61 gp)

17 (21.52%)

20 (24.39%)

19 (26.03%)

61 (100%)

AQ113
(36566 bp)

AQ113 (56 gp)

16 (20.25%)

19 (23.17%)

18 (24.66%)

28 (45.9%)

56 (100%)

Abouo (94 gp)

19 (24.05%)

25 (30.49%)

21 (28.77%)

19 (31.35%)

19 (33.93%)

Abouo
(45552 bp)

Davies
(58572 bp)

Jimmer1/2
(54312 bp)

94 (100%)

Davies (94 gp)

20 (25.32%)

26 (31.71%)

21 (28.77%)

19 (31.35%)

19 (33.93%)

85 (90.43%)

94 (100%)

Jimmer1/2 (102 gp)

19 (24.05%)

26 (31.71%)

20 (27.4%)

19 (31.35%)

18 (32.14%)

62 (65.96%)

65 (69.15%)

102 (100%)

Emery (102 gp)

7 (8.86%)

4 (4.88%)

5 (6.85%)

5 (8.2%)

3 (5.36%)

10 (10.64%)

12 (12.77%)

9 (8.82%)

*The number of genes in common is followed by a percentage in parenthesis that represents the% genes in common with the reference genome. Families are
typically grouped based on a CoreGenes score of 40% or higher.
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Figure 5 Phamily circle connects 16 phages containing a related antirepressor gene. The phamily circle of pham 951 connects all phages
with genes encoding proteins in this pham. The phages containing gene products in pham 951 infect Bacillus, Enterococcus, Lactobacillus, Listeria,
Clostridium, Paenibacillus, and Staphylococcus bacteria. The antirepressor gene is found in 16 different phages, including Staphylococcus phages (1)
phiSLT (gp7), (2) PH15 (gp39), and (3) 55 (gp18); Paenibacillus phages (4) phiIBB_Pl23 (gp42), (5) Jimmer2 (gp19), (6) Jimmer1 (gp19), and (7) PG1
(gp28); Clostridium phage (8) phiC2 (gp52); Listeria phages (9) B054 (gp72), (10) A500 (gp36), and (11) A118 (gp46); Lactobacillus phages (12)
phiAT3 (gp23), and (13) A2 (gp28); Enterococcus phage (14) phiEf11 (gp38); and Bacillus phages (15) SPBc2 (gp100) and (16) PM1 (gp26).

(E-value is 3.20 × 10−117). However, Davies gp44 and
gp45 shared 31.4% (E-value is 7.29 x 10−28) and Emery
gp53 and gp54 shared 35.4% identity (E-value is 3.39 ×
10−34). Abouo gp44 also belongs to pham 44 but the nucleotide sequence for this gene is different from the
genes encoding the four gene products in Emery and
Davies. Abouo gp44-46, Davies gp44-47, and Emery
gp53-56 are identified in Figure 2A and 2B by the dark
line indicating homology between Emery and Davies
and the white gap between Abouo and Davies at the
same location.

recombination protein U and had 9 members, including
PG1 gp42, Abouo gp73, Davies gp76, Jimmer1 gp83, and
Jimmer2 gp83. Pham 78 encoded a dUTPase and had 13
members, including PG1 gp43, Abouo gp76, Davies gp79,
Jimmer1 gp86, and Jimmer2 gp86.
Four P. larvae phages contain duplicated genes

Phages Abouo and phiIBB_Pl23 did not contain any proteins that belonged to the same pham. However, gp52
and gp56 in phages Jimmer1 and Jimmer2 shared 52.1%
identity (E-value is 1.39 × 10−36), belonged to pham 50,
and encode an XRE family transcriptional regulator that
contains a helix-turn-helix DNA binding domain. Additionally, gp62 and gp63 in phages Jimmer1 and Jimmer2
shared 40.3% amino acid identity (E-value is 8.32 × 10−11),
belonged to pham 53, and contain an arc-like DNAbinding domain.
Davies gp44 and gp45 and Emery gp53 and gp54
belonged to pham 44 and encoded a putative membrane protein (Figure 6). Comparisons indicated that
homologous proteins encoded on the two genomes
were more similar than duplicated proteins encoded
within one of the genomes. Davies gp44 and Emery
gp53 shared 80.1% identity (E-value is 4.69 × 10−107),
and Davies gp45 and Emery gp54 shared 82.9% identity

Discussion
Prior to this report, nine P. larvae phages were described
but were never analyzed collectively or grouped based on
similar characteristics. Structural and morphological characteristics are the only published information for grouping
the reported P. larvae phages to date. Therefore, for general
comparison, P. larvae phages were identified as myovirus,
elongated-capsid siphovirus, round-capsid siphovirus, or
unknown siphovirus. The five P. larvae myoviruses characterized in this paper are structurally similar to previously
isolated P. larvae myoviruses and may also be genetically
similar. Since few phages infecting P. larvae have been sequenced, it is useful to compare structural similarity
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Figure 6 Davies and Emery share a duplicated gene while Abouo has only one copy. This genome map shows two gene products in both
Davies and Emery that belong to pham 44 and encode a putative membrane protein. Davies gp44-47 and Emery gp53-56 are more similar to
each other than they are to Abouo gp44-46. Gene product numbers are located inside the colored boxes. The numbers above each gene product
indicate the pham number specific to this analysis and the (number of members in the pham). Gene products with the same color share a pham.

Lysogens of Jimmer1, Jimmer2, and Davies displayed superinfection immunity when incubated with the same phage.
Jimmer1 and Jimmer2 exhibited nearly identical sequences
and were also immune to superinfections of each other.
The host specificity and correlating genome similarity
between Jimmer1 and Jimmer2 (infect PL2) and Davies
and Abouo (infect PL6) reflect common evolutionary ancestry. The high degree of similarity (over 80% average
nucleotide identity) between the four phages may indicate that these phages infect a common host that has
not yet been isolated or tested or that two phages
recently switched hosts as is common in phages [42].
Jimmer1, Jimmer2, Davies, and Abouo likely coevolved.
Many bacteriophages contain genes that affect the virulence of the bacterial hosts. One toxin gene has been identified in phiIBB_Pl23 (gp26), and no toxin genes have been
identified in the five P. larvae myoviruses. P. larvae phages
Abouo, Davies, Jimmer1, Jimmer2, and phiIBB_Pl23 encode an ABC transporter-like protein. This was characterized as an extracellular protein produced by P. larvae [43],
but it is not known how this protein is involved in host
virulence. Future experiments involving the many putative
XRE transcriptional regulators encoded by these phages
may show a correlation with the virulence of P. larvae.
Most of the transcriptional regulators found in the six P.
larvae phages do not share phams with phages that infect
any other bacterial host, indicating that these regulators are
both phage- and host-specific. Two of these transcriptional
regulators were duplicated in Jimmer1 and Jimmer2. The
differences between these genes indicate that they are

observed in electron micrographs. Now that sequencing
data has been published for six P. larvae phage genomes
and sequencing of others is sure to follow, genomic grouping will prevail and clusters will likely emerge as occurred
with the mycobacteriophages [13].
The five myoviruses were isolated from three soil samples each from a separate location: Jimmer1 and Jimmer2
were isolated independently from the same sample [22],
Emery and Abouo were isolated together, and Davies was
isolated separately. P. larvae phage PBL2 was isolated
from a different sample than BL2, yet all tests indicated no
obvious structural or genetic differences between these
phages [5]. Similar host properties and selective pressures
can result in isolation of similar phages from different locations [13]. More P. larvae siphoviruses need to be sequenced before further correlations between genome and
structural morphology can be drawn. As demonstrated in
this work and by others, the sequence of the tape measure
protein gene may be used to identify individual phages being studied if co-isolation occurs again in the future [38].
Bacteriophages are often unable to superinfect an existing lysogen if the entering and lysogenic phages are genetically similar [39]. The portion of the genome responsible
for superinfection immunity has been determined for
some phages [40]. Repressor genes involved in superinfection immunity have been characterized and are known to
defend the prophage from premature lysis by silencing
genes related to lysis [41]. This system does not work
against phages that are always lytic or temperate phages
that are not sensitive to the prophage repressor genes.
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larvae phage proteins have no identified conserved domains or putative functions, illustrating the diversity of
bacteriophages and the vast number of unknown genes
yet to be explored.
CoreGenes was previously used to verify current taxonomic relationships between phages in the Podoviridae
[36] and Myoviridae families [37]. It was also used
analyze other “dwarf” myoviruses and group them based
on the similarity of core genes [47]. Analysis of core
genes and shared phams indicates that P. larvae phages
Abouo, Davies, Jimmer1, and Jimmer2 are distantly related to phages in the phiCD119likevirus family as well
as phages EJ-1, KC5a, and AQ113. Because proteins
grouped into similar phams are phylogenetically related,
these proteins likely share a common ancestry. The
structural similarities between phages Abouo, Davies,
Jimmer1, Jimmer2, phiC2, KC5a, AQ113, and EJ-1 may
correlate with their genetic similarities because the conserved core genes include the structural module of each
genome. However, the current accepted threshold of
40% for a sufficiently strong CoreGenes percentage prevents any of these phages from being grouped taxonomically (except perhaps KC5a and AQ113, which is not
within the scope of this paper). The differences in genome lengths may also prevent the formation of a taxonomic family of these phages as CoreGenes reflects the
percentage based on the number of genes, which means
that genome length differences and subsequent differences in total gene numbers within a genome can influence the score.
The results of the CoreGenes analysis indicate that P.
larvae phages Abouo, Davies, Jimmer1, and Jimmer2 are
related phylogenetically. They are also distantly related
to phiC2, KC5a, AQ113, and EJ-1 which infect other
bacterial hosts. This relationship indicates that these
four phages are the closest known phylogenetic relatives
to these four P. larvae phages. The conservation of primarily structural genes among the eight small genome
myoviruses may indicate that the phages adapted to
maintain infectivity as their bacterial hosts diverged, but
retained ancestral structural genes that were under less
selective pressure.
Conserved genes between different phages may indicate
important genes. The bacterial hosts PL2 and PL6 are similar (according to the 16S rRNA sequences and physical
properties), and similar BhlA/bacteriocin genes such as
found in the shared pham of Jimmer1, Jimmer2, Emery,
Abouo, and Davies (pham 34) can likely be used to lyse the
bacterial host. It is interesting to note that the only two
genes shared between phiIBB_Pl23 and any other P. larvae
phage encode a serine recombinase and an antirepressor,
shared with the PL2 phages Jimmer1 and Jimmer2. This
correlation may indicate similar host interactions, as these
genes help regulate the lytic and lysogenic cycles. The PL6

ohnologous and arose by gene duplication and subsequent
divergence [44]. The duplicated genes in Emery and Davies
are putative membrane proteins and likely evolved in a
similar fashion. Abouo contains only one copy of this gene
(Figure 6). BLAST hits for all six of the sequenced P. larvae
phages show similarity to many proteins encoded by Paenibacillus and Brevibacillus bacteria. BLAST hits to these
bacteria are not surprising because the genera Paenibacillus
and Brevibacillus both belong to the family Paenibacillaceae
and are closely related [45].
Analysis of large terminase protein phamilies revealed
that Abouo, Davies, Jimmer1, and Jimmer2 likely use the
headful packaging mechanism, while phiIBB_Pl23 likely
has 3′ cohesive ends. Because of the stringent cutoff
values required for inclusion in a pham, these results
identify one way experimentally determined properties
of a protein can be inferred on others sharing the same
phamily.
Several gene products in P. larvae phages have similar
functions but do not share phamilies. These include
head morphogenesis, tape measure, baseplate, LysM
peptidoglycan binding, peptidoglycan hydrolase, PBSX,
and bacteriocin proteins. The conserved genes either diverged a long time ago or were acquired via convergent
evolution. Additionally, the antirepressor protein in P.
larvae phages phiIBB_Pl23, Jimmer1, Jimmer2 shares a
pham with antirepressors from 13 other myoviruses and
siphoviruses that infect host bacteria in the genera
Bacillus, Enterococcus, Geobacillus, Lactobacillus, Listeria, Paenibacillus, and Staphylococcus (Figure 5). The
presence of a similar antirepressor among phages of diverse Firmicute hosts may indicate the usefulness of the
gene products and their associated conserved domains
to regulate production of phage proteins within a diverse set of host bacteria. These data indicate that
P. larvae phages have been subjected to multiple evolutionary pressures.
The head morphogenesis protein in phage Emery belongs to the SPP1 gp7 family and contains a ribosomal
slippage site that is not found in Bacillus phage SPP1.
Although two gene products are produced by the head
morphogenesis gene in SPP1 that are 34 kDa and
28 kDa (compared to predicted proteins of 82.5 kDa and
58.9 kDa in Emery), the two SPP1 proteins are thought
to be due to an alternative start site, not a frameshift
caused by ribosomal slippage [46]. The lack of homology
between protein sequences indicates these proteins further illustrates that Emery is not closely related to any
other known bacteriophages.
Most of the putative encoded proteins in the P. larvae
phages are not grouped into phams containing proteins
from other phage types. These data indicate that most P.
larvae phage genes are novel among currently identified
genes of phages or bacteria. More than half of the P.
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24 hours. Clearing under the spots indicated superinfection had occurred, while no clearing indicated that the
lysogenic bacteria were immune to superinfection.

phages do not contain any antirepressor gene products belonging to this pham. Although P. larvae phages Emery
and phiIBB_Pl23 do not show significant genetic relatedness to any other sequenced phages, similar genes and
phages will likely be discovered in the future. The six newly
sequenced genomes of the P. larvae phages compared in
this report are an initial foundation for future studies.

Electron microscopy of P. larvae phages

Electron microscopy was performed at Brigham Young
University in the Life Sciences Microscopy Lab using an
FEI Tecnai 12 Spirit transmission electron microscope.
To prepare the samples for imaging, 20 μl of high-titer
phage lysate was placed on a 200-mesh copper carbon
type-B electron microscope grid for one minute. The
lysate was wicked away and the grids were stained for
two minutes using 2% phosphotungstic acid (pH = 7).
Residual liquid was wicked away and the grid was
allowed to dry before being imaged. Phage structures in
electron micrographs were measured using ImageJ [54].
The average and standard deviation for each measurement was calculated from a minimum of three separate
measurements.

Conclusions
This first comparison of P. larvae phage genomes provides
insight into the genus Paenibacillus and the important
honeybee bacterial pathogen, P. larvae. Although six P.
larvae phages show some relatedness to phages that infect
other Firmicute bacteria, most P. larvae phage genes do
not share phams with non-P. larvae phages and many
gene products still have unknown functions. Efforts to
characterize these gene products and to isolate, sequence, and analyze new P. larvae phages will help us
better understand the genetics of these phages and their
bacterial host.

Genomic comparison of sequenced phages

Methods

The DNA sequences for the six sequenced P. larvae
phages were downloaded from GenBank using reported
accession numbers [21,22]. Dotplots of nucleic acid and
protein sequences were generated using Gepard [55] and
then compared. ClustalW [56] was used to calculate Average Nucleotide Identity (ANI) percentages comparing
each of the P. larvae phage genomes. The online tool
FrameD [25] was used to search for frameshift mutations.
Core genes were identified using the program CoreGenes
3.5 [57,58] with the default BLASTP threshold of 75.
Phages genes were analyzed using Phamerator [17], an
open-source program (GNU general public license) designed to compare phage genes and genomes. For this
study, Phamerator was adapted and stored in a GitHub
repository (http://github.com/byuphamerator/phamerator-dev) separate from the original version. Phamerator
uses BLASTP [19] and ClustalO [20] to compare each
protein encoded by the genes in the database. E-values
and percent identity scores are used to sort proteins into
groups referred to as phamilies (phams) based on userdefined cutoffs for each score. Conserved domains in
each protein are then identified. The Phamerator database used in this study was populated with 71 Bacillus
phages, one Clostridium phage, 3 Enterococcus phages, 2
Geobacillus phages, 7 Lactobacillus phages, 6 Listeria
phages, 6 P. larvae phages, one Paenibacillus glucanolyticus phage, 15 Staphylococcus phages, and one Streptococcus phage. The non-Bacillus phages were included in
the database because proteins from these phages appeared in low E-value (<0.0001) BLAST hits for P. larvae phage proteins. In this Phamerator database, genes
with E-values smaller than 1 × 10−50 or greater than
32.5% identity with at least one other protein were

Identification of field isolates

Paenibacillus larvae spores were extracted from local
honey samples using the process described by Hornitzky
[48]. Pelleted spores were streaked on PLA [49] plates
that contained nalidixic and pipemidic acid and plates
were incubated for 48–72 hours at 37°C. Colonies were
streaked to purity on PLA plates. Isolates were tested
with hydrogen peroxide for the presence of the catalase
enzyme [50] and were tested by gram stain [45,51].
A single colony from each bacterial field isolate was
boiled at 98°C for five minutes, and 3 μL of the lysate
was used as a PCR template. The 16S rRNA gene region
was amplified using universal primers 27 F and 907R
[52], and the standard protocol for Taq DNA polymerase
(New England Biolabs). Following PCR, amplicon size
was checked by agarose gel electrophoresis. Samples
producing a ~1 kb band were submitted for BigDye (Applied Biosystems, Life Technologies) sequencing to the
BYU DNA Sequencing Center. Resulting 16S sequences
were analyzed using BLAST [19].
Superinfection of P. larvae lysogens with phage

Phages described by Sheflo et al. [22] were used in lysogenic superinfection studies using a protocol adapted
from [53]. Some agar was removed from the center of
an isolated plaque, streaked out on an LB plate, and incubated at 37°C for 24 hours to allow any lysogens to
grow. One colony was removed, incubated at 37°C in
1 ml of LB broth for two hours, and then plated using
the method described above. When the top agar was
solid, 5 μL of each phage lysate was placed on the plate.
The plate was incubated agar side down at 37°C for
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[NC_016563], WBeta (B. cereus) [NC_007734], Wip1
(B. anthracis) [KF188458], phBC6A51 (B. cereus)
[NC_004820], phBC6A52 (B. cereus) [NC_004821], Bacillus virus 1 (Bacillus. sp. 6 k512) [NC_009737]; Clostridium phage phiC2 (C. difficile) [NC_009231];
Enterococcus phages phiEf11 (E. faecalis) [NC_013696],
phiEF24C (E. faecalis) [NC_009904], phiFL3A (E. faecalis)
[NC_013648]; Geobacillus phages GBSV1 (Geobacillus sp.
6 k51) [NC_008376], E2 (Geobacillus) [NC_009552];
Lactobacillus phages A2 (L. casei) [NC_004112], KC5a (L.
gasseri) [NC_007924], Lb338-1 (L. paracasei) [NC_012530],
Lc-Nu (L. rhamnosus) [NC_007501], LP65 (L. plantarum)
[NC_006565], phiAT3 (L. casei) [NC_005893], phig1e
(Lactobacillus) [NC_004305]; Listeria phages P100 (L.
monocytogenes) [DQ004855], A118 (L. monocytogenes)
[NC_003216], A500 (L. monocytogenes) [NC_009810],
A511 (L. monocytogenes) [NC_009811], B054 (L. monocytogenes) [NC_009813], P40 (L. monocytogenes) [NC_011308];
Paenibacillus phages Abouo (P. larvae) [KC595517], Davies
(P. larvae) [KC595518], Emery (P. larvae) [KC595516],
Jimmer1 (P. larvae) [KC595515], Jimmer2 (P. larvae)
[KC595514], PG1(P. glucanolyticus) [HQ332138], phiI
BB_Pl23 (P. larvae) [KF010834]; Staphylococcus phages phi
12 (S. aureus) [AF424782], 37 (S. aureus) [NC_007055], 3A
(S. aureus) [NC_007053], 47 (S. aureus) [NC_007054], 55
(S. aureus) [NC_007060], 88 (S. aureus) [NC_007063], G1
(S. aureus) [NC_007066], K (S. aureus) [NC_005880], PH15
(S. epidermidis) [NC_008723], phiSLT (S. aureus)
[NC_002661], SA11-v (S. aureus) [NC_019511], SpaA1 (S.
pasteuri) [NC_018277], Twort (S. aureus) [NC_007021], X2
(S. aureus) [NC_007065], tp310-2 (S. aureus) [NC_009762];
Streptococcus prophage EJ-1 (S. pneumoniae) [NC_005294].
The neighbor-joining phylogenetic tree (Figure 4) was
generated using ClustalO. The phage large terminase
proteins included in this tree are listed below with their
respective accession numbers.
Bacillus phages 0305phi8-36 gp117 [YP_001429607.1],
250 gp5 [ADB28373.1], Andromeda gp9 [YP_007517474.1],
B4 gp4 [YP_006908233.1], B5S gp4 [AEW47238.1], Basilisk gp3 [AGR46580.1], Bastille gp267 [AEQ34197.1],
BCD7 gp104 [YP_007005955.1], BceA1 gp4 [CCE73839.1],
BCJA1c gp34 [YP_164412.1], BCP78 gp12 [YP_00
6907847.1], BCU4 gp5 [AEW47511.1], BMBtp2 gp40
[YP_007236398.1], BPS13 gp6 [YP_006907565.1], BtCS33
gp2 [YP_006488672.1], Cherry gp2 [YP_338134.1], Curly
gp9 [YP_007517553.1], Eoghan gp9 [YP_007517399.1],
Fah gp2 [YP_512312.1], Finn gp9 [YP_007517630.1], G
gp1 [YP_009015312.1], Gamma51 gp2 [ABA46445.1],
Gamma isolate d’Herelle gp2 [ABC40454.1], Gemini
gp9 [AGE60848.1], IEBH gp49 [YP_002154374.1], JL
gp4 [AGR46722.1], PBC1 gp2 [YP_006383455.1],
phBC6A52 gp2583 [NP_852588.1], phiAGATE gp196
[YP_007349220.1], phiNIT1 gp79 [YP_008318309.1],
phIS3501 gp23 [YP_007004362.1], Shanette gp4

grouped into phams. These parameters were identical to
those used by Cresawn et al. [17]. Conserved domains in
proteins were identified using RPS-BLAST [59] to search
the Conserved Domain Database (CDD) released by
NCBI on 21 March 2013 [18]. The 100 published phages
in the Phamerator database are listed below with the respective bacterial hosts and accession numbers. The
Bacillus_Draft database can be accessed through Phamerator (see http://phagesdb.org/Phamerator/faq/). The
Phamerator database for this study (bphage5) is available
at http://phagehunters.byu.edu/BeeProject.aspx.
Bacillus phages vB_BceM_Bc431v3 (B. cereus) [NC_
020873], 0305phi8-36 (B. thuringiensis) [NC_009760],
250 (B. cereus) [GU229986], Andromeda (B. pumilus)
[KC330684], AP50 (B. anthracis) [NC_011523], B103
(B. subtilis) [NC_004165], B4 (B. cereus) [JN790865],
B5S (B. cereus) [JN797796], bkBam35c (B. thuringiensis)
[NC_005258], Basilisk (B. cereus) [KC595511], Bastille
(B. cereus) [NC_018856], BCD7 (B. cereus) [NC_019515],
BceA1 (B. cereus) [HE614282], BCJA1c (B. clarkii)
[NC_006557], BCP78 (B. cereus) [NC_018860], BCU4 (B.
cereus) [JN797798], BMBtp2 (B. thuringiensis) [JX887877],
BPS13 (B. cereus) [NC_018857], BtCS33 (B. thuringiensis)
[NC_018085], CAM003 (B. thuringiensis) [NC_024216.1],
Cherry (B. anthracis) [NC_007457], Curly (B. pumilus)
[KC330679], Eoghan (B. pumilus) [KC330680], Evoli,
(B. thuringiensis) [NC_024207.1], Fah (B. anthracis)
[NC_007814], Finn (B. pumilus) [KC330683], G (B. megaterium) [JN638751], GA-1 (Bacillus sp.) [NC_002649],
Gir1 (Bacillus sp.) [Bacillus_Draft], Gamma 51 (B. cereus)
[DQ222853], Gamma 53 (B. anthracis) [DQ222855],
Gamma isolate d’Herelle (B. cereus) [DQ289556], Gemini
(B. pumilus) [KC330681], GIL16c (B. thuringiensis)
[NC_006945], Hakuna (B. thuringiensis) [NC_024213.1],
Hoody T (B. thuringiensis) [NC_024205], IEBH (B.
thuringiensis) [NC_011167], JL (B. cereus) [KC595512],
JPB9 (B. thuringiensis) [Bacillus_Draft], Megatron (B
thuringiensis) [NC_024211.1], MG-B1 (B. weihenstephanensis) [NC_021336], Nf (B. subtilis) [EU622808], Pappano (B. pumilus) [Bacillus_Draft], PBC1 (B. cereus)
[NC_017976], Pegasus (Bacillus sp.) [bacillus.phagesdb.
org], pGIL01 (B. thuringiensis) [AJ536073], phi105 (B.
subtilis) [NC_004167], phi29 (B. Subtilis) [NC_011048],
phiAGATE (B. pumilus) [JX238501], phiNIT1 (B. subtilis)
[NC_021856], phIS3501 (B. thuringiensis) [NC_019502],
Pleiades (B. pumilus) [Bacillus_Draft], PM1 (B. subtilis)
[NC_020883], Polaris (B. pumilus) [Bacillus_Draft], PZA
(B. subtilis) [M11813], Riley (B. thuringiensis) [KJ489402],
Shanette (B. cereus) [KC595513], SP10 (B. subtilis)
[NC_019487], SPbeta (SPBc2) (B. subtilis) [NC_001884],
SPO1 (B. subtilis) [NC_011421], SPP1 (B. Subtilis)
[NC_004166], Stitch (Bacillus sp.) [Bacillus_Draft], Taylor
(B. pumilus) [KC330682], TP21-L (B. cereus) [NC_011645],
Troll (B. thuringiensis) [KF208639], W.Ph. (B. cereus)
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[AGR46934.1], SP10 gp119 [YP_007003376.1], SPO1
gp2.11 [YP_002300330.1], Taylor gp9 [AGE60927.1],
Troll gp61 [YP_008430845.1], vB_BceM_Bc431v3 gp10
[YP_007676908.1], W.Ph. gp3 [YP_004957018.1], WBeta
gp2 [YP_459966.1], and e virus 1 gp18 [YP_001425601.1];
Clostridium phage phiC2 gp2 [YP_001110720.1], Enterococcus phages phiEf11 gp2 [YP_003358792.1], phiEF24C
gp5 [YP_001504114.1], and phiFL3A gp43 [YP_00
3347605.1]; Geobacillus phages GBSV1 gp17 [YP_764473.1]
and E2 gp2 [YP_001285808.1]; Lactobacillus phages A2
gp2 [NP_680484.1], KC5a gp35 [YP_529870.1], Lb338-1
gp89 [YP_002790768.1], Lc-Nu gp2 [YP_358760.1], LP65
gp113 [YP_164748.1], phiAT3 gp2 [YP_025027.1], and
phig1e gp37 [NP_695170.1]; Listeria phages A118 gp2
[NP_463463.1], A500 gp2 [YP_001468388.1], A511 gp5
[YP_001468454.1], B054 gp2 [YP_001468706.1], P100
gp5 [AAY53308.1], and P40 gp2 [YP_002261418.1];
Paenibacillus phages Abouo gp2 [AGR47449.1], Davies
gp2 [YP_008858637.1], Emery gp3 [AGR47349.1], Jimmer1 gp2 [AGR47249.1], Jimmer2 gp2 [AGR47149.1],
and phiIBB_Pl23 gp2 [YP_008320338.1]; Staphylococcus
phages PH15 gp2 [YP_950664.1], phi 12 gp30
[NP_803336.1], phiSLT gp39 [BAB21732.1], SpaA1 gp4
[YP_006560692.1], and tp310-2 gp45 [ABS87507.1];
Streptococcus phage EJ-1 gp39 [NP_945278.1]; and Mycobacterium phage Nigel gp4 [YP_002003843.1].
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4. ISOLATION AND CHARACTERIZATION OF P. LARVAE AND ITS PHAGES
Introduction
Paenibacillus larvae is the causative agent for American Foulbrood in beehives. It was
first identified in the early 1900s (3) and has since undergone several nomenclature changes and
reclassifications (4, 5). Many research articles have focused on methods to detect P. larvae in
beehives because once infected larvae are identified in a hive, the prognosis for recovery is
extremely poor. Early identification methods involved characterization of secreted proteases
(85).
Several studies investigated a phage typing system to group P. larvae strains (43, 86).
Temperate P. larvae phages were isolated by cross-streaking bacteria near each other. Temperate
phages in one strain would spontaneously enter the lytic cycle, lyse the bacterium, and eventually
form a plaque at the interface with the other strain (34). Before DNA sequencing and other
molecular analyses were available, researchers relied on phage typing to group and compare
bacterial strains. Phages were primarily used to distinguish between different P. larvae strains
depending on whether each phage could infect and produce plaques (43). Large phage typing
studies have been conducted for Salmonella (87), Staphylococcus (88), Sinorhizobium (89), E.
coli (90), Pseudomonas (91), Listeria (92), and many other bacteria.
P. larvae strains have also been characterized and grouped based on antibiotic resistance
(93); rRNA genes (94), including the intergenic spacer regions between rRNA genes (95);
repeated sequence elements targeted by BOX (96), REP (54), and ERIC primers (5); PCR of
regions specific to P. larvae (55); and multi-locus sequence typing (63). An established system
for typing P. larvae has been used in many cases to identify sources of outbreaks and track
different infections (63, 96, 97). Typing based on the ERIC primers identifies four genotypes of
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P. larvae which vary in virulence to honeybee larvae. Strains belonging to the ERIC-1 and
ERIC-2 genotypes are those strains that were formerly classified as P. larvae subsp. larvae,
while strains in the ERIC-3 and ERIC-4 genotypes were formerly classified as P. larvae subsp.
pulvifaciens (5). When the subspecies designation was still preferred, a 970 bp band produced
following ERIC-PCR was identified that distinguished ERIC-1 and ERIC-2 P. larvae (then
subsp. larvae) from ERIC-3 and ERIC-4 P. larvae (then subsp. pulvifaciens). Using PCR and
primers KAT1 and KAT2 (see Table 2-1) which target this 970 bp amplicon, P. larvae subsp.
larvae (ERIC-1 or ERIC-2 genotype) were easily identified.
The ERIC genotypes vary in biochemical properties and also in virulence to honeybees.
ERIC genotypes 2, 3, and 4 have a shorter incubation period in larvae, allowing bees to remove
dead larvae before the cells are capped, reducing the spore load in the hive (98). ERIC-1 P.
larvae has a longer incubation period, causing the larvae to die after they are capped. When the
bees discover the dead larvae a significant spore load is left behind, making this genotype much
more deadly in a honeybee colony (99). Genotypes ERIC-1 and ERIC-2 are the most common in
beehives (9, 100), so distinguishing between them is important. The presence of a high molecular
weight band following ERIC-PCR distinguishes ERIC-2 from ERIC-1, but this is difficult to
visualize without pulsed-field gel electrophoresis. Studies that investigated a correlation between
metabolic profiles of P. larvae and the respective genotypes offered conflicting results (99, 100).
Most recently, the ability to ferment fructose was used to accurately distinguish ERIC-2 P.
larvae from ERIC-1 P. larvae which could not (99).
Early P. larvae phages were also isolated from bee debris gathered near beehives. Bee
debris contained dead and decomposing bees and ground matter. These samples were enriched in
P. larvae bacteria (37).The first eight P. larvae phages were isolated between 1955 and 1999.
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These phages were BLA (36), L3 (37), BL2 (38), PBL1 (39), PBL0.5 (40), PBL2 (40), PBL3
(41), and PPL1c (42). These phages were never sequenced, and were characterized in limited
detail. Genome sizes were all estimated to be smaller than 50 kb, and three general structural
morphologies were observed: siphovirus with prolate capsid, siphovirus with icosahedral capsid,
and myovirus. The first P. larvae phage genome to be published in GenBank was phiIBB_Pl23
(101), followed by seven additional P. larvae phages in 2015: Diva, Lily, Rani, Redbud, Shelly,
Sitara, and HB10c2 (Accession numbers KP296791 through KP296796 and KP202972).
This chapter will describe the isolation and characterization of additional P. larvae field
isolates through PCR, DNA sequencing, and phage typing. P. larvae phages were also isolated
and characterized by host range and electron microscopy. We hypothesized that phage infection
and host range data could be used to characterize and organize both P. larvae bacteria and
phages. A large library of P. larvae strains and phages will help future researchers investigate
potential phage therapy applications.
Materials and Methods
Gathering AFB field isolates
Beehives infected with AFB were identified and reported by local beekeepers or bee
inspectors. Samples of larval remains were removed directly from the infected hive or from
contaminated comb that was previously removed from an infected hive. Larval remains were
stored in 30% DMSO and stored at 4°C until they were processed.
Growing P. larvae from field isolates
P. larvae spores from larval remains were isolated by incubating a 50 μL aliquot of larval
remains in DMSO at 80°C for 10 minutes. The full amount was then plated on MYPGP or PLA
agar. Each medium was supplemented with 20 μg/mL nalidixic acid and 10 μg/mL pipemidic
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acid as described previously (61). Agar plates were incubated in 5% CO2 at 35°C for 72 hours.
Colonies that appeared were removed from the plate using a sterile loop and streaked on nonselective BHI agar. Individual colonies were isolated and streaked two more times. The isolates
were tested for catalase activity by adding 3% H2O2 to a single colony and watching for bubbles.
Catalase-negative isolates were prepared for archiving by streaking a single colony on a BHI
agar plate or by incubating 1 mL of BHI broth and incubating at 35°C overnight. Isolates were
archived in BHI broth and 20% glycerol and were stored at -80°C.
Strain identification using PCR and sequencing
Prior to PCR, bacterial samples were streaked out to single colonies. Template DNA for
the PCR reaction was extracted by adding part of a colony to 50 μL of water in a PCR tube and
boiling it for 10 minutes. The total PCR reaction volume was 25 μL and included 22 μL of
reagents (2.5 uL 10X ThermoPol Buffer, 0.4 mM of each dNTP, 2 μM forward and reverse
primers, 2.5 U Taq polymerase) plus 3 μL of template DNA. P. larvae isolates were tested using
three PCR primer sets. The first set included universal primers 27F and 907R and targeted the
16S rRNA gene (62). The second set included KAT1 and KAT2 and targeted a segment of DNA
specific to P. larvae (55). The third set included ERIC1R and ERIC2 primers that target repeated
elements in bacteria (64). They are designed to produce a unique fingerprint for each bacterial
species. These primers are listed in Table 2-1. Annealing temperatures for all PCR reactions was
52°C. PCR products were run in an agarose gel to confirm amplification. Amplicons from
reactions containing 16S rRNA were sequenced using BigDye (Life Technologies). All PCR
products were run on a 1.5% agarose gel at 150V.
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Sequence and phylogenetic analysis of P. larvae 16S rRNA gene sequences
The 5’ and 3’ ends of trace files from BigDye sequencing were trimmed using Geneious
version 7.1.7 (65) with an error probability limit of 0.05. Geneious was also used to align
sequences generated using both forward and reverse primers and generate a consensus sequence
using the chromatogram. Sequences of 16S rRNA genes from P. larvae field isolates were
analyzed using BLAST (66) and online software from the Ribosomal Database Project (RDP)
(67) and Greengenes (68) to identify taxonomic relationships with known bacteria. The
phylogenetic analysis of 16S rRNA gene sequences included sequences from field isolates and
the P. larvae sequences listed in Table 2-2. Using MEGA6 (69), the sequences were aligned with
Muscle (84) and a phylogenetic tree was computed using the maximum likelihood method.
Bacterial culture and phage infection of P. larvae
P. larvae bacteria were cultured in brain heart infusion supplemented with 0.4% glucose
and 1 μg/mL thiamine (61). Liquid bacterial cultures were grown in aerobic conditions at 35°C.
Agar plates were grown in 5% CO2 at 35°C.
Gathering field isolates for P. larvae phage isolation
Samples for phage isolation were gathered from locations that were near established
beehives. Most samples consisted of soil, dead and decomposing bees, and other hive debris that
was found near the entrance of the hive. Samples were collected from both healthy hives and
from hives infected with AFB. Bee debris samples were gathered by student researchers, local
beekeepers, and local bee inspectors. Samples were stored at 4°C until they were used for phage
isolation.
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Isolation of P. larvae phages
All P. larvae phages were isolated by enrichment. Bee debris samples were crushed and
added to a flask containing BHI broth and one or more P. larvae field isolates or P. larvae
ATCC 9545. The bee debris and bacteria were incubated overnight at 35°C. The mixture was
centrifuged at 3220 x g for 10 minutes. The supernatant was passed through a 0.22 μm filter and
10-50 μL of the supernatant was incubated at room temperature with 500 μL of a P. larvae
culture for 30-60 minutes. This liquid was then mixed with BHI top agar, plated on BHI agar,
and incubated at 35°C in 5% CO2 overnight. Plaques that appeared were isolated and re-plated
three times to purify individual phages.
Culturing P. larvae phages PBL1c and PBL0.5
A sample of P. larvae NRRL-3555P which was lysogenic for P. larvae phage PBL1c
(39) was received from Dr. Douglas Dingman. To isolate the prophage, a single colony was used
to inoculate a flask of MYPGP broth and allowed to incubate at 35°C overnight. A sample of the
culture was pelleted in a centrifuge and used to infect P. larvae ATCC 9545, which was then
plated in top agar on MYPGP plates. The plates were incubated overnight at 35°C in 5% CO2. A
single plaque was isolated, used to infect ATCC 9545, and the mixture was plated in top agar.
Plates exhibiting near-confluent lysis were flooded with 7.5 mL of MYPGP broth for one hour.
The broth was removed from the plate, centrifuged, passed through a 0.22 μm filter, and stored at
4°C.
A sample of phage lysate containing P. larvae phage PBL0.5 (39) was also received from
Dr. Dingman. However, the water in the lysate had evaporated completely. To reconstitute it,
double-distilled water was added to the test tube and incubated at 4°C overnight. The next day,
lysate was used to infect ATCC 9545, plated in top agar, and incubated overnight as described
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previously. A single plaque was identified and isolated. A high titer lysate was made as
described for PBL1c.
Electron microscopy
Phages were prepared for electron microscopy by incubating copper grids with 50 μL of
high-titer lysate for 90 seconds, wicking away moisture, incubating with 50 μL of 2%
phosphotungstic acid (pH = 7) for 90 seconds, wicking away moisture, and allowing the grids to
dry prior to imaging. Electron micrographs were measured using ImageJ (79).
Host range studies
Each P. larvae phage that was isolated and purified was tested on 59 P. larvae field
isolates to determine whether the phage could infect the bacterium. To do this, 500 μL of a liquid
culture of P. larvae was mixed with 4.5 mL of top agar and layered on a BHI agar plate. When
the top agar solidified, 2 μL of a 1:100 dilution of phage lysate was placed on the agar. Plates
were incubated at 35°C in 5% CO2 for 48 hours. After incubation, phage spots were then
analyzed for any signs of plaque formation due to phage infection. Each bacteria/phage
combination was assigned a “yes” if the phage infected the bacterium, or “no” if it did not.
Computational and statistical analysis of host range studies
Host range data of P. larvae phages infecting P. larvae field isolates was entered into a
spreadsheet with phages listed down the first column and bacteria listed across the top row. The
pattern of “yes” and “no” based on which phages infected each bacterium created a unique
fingerprint or infection pattern. Two methods were employed to compare these patterns so that
bacteria with similar infection patterns could be grouped together. First, a computer program was
written in Python. The program compared the phage infection patterns of two bacteria or the host
range of two phages (equal to two rows) at a time. One point was assigned if the values from
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both rows in the same, single column were identical (either both were “yes” or both were “no”).
The sum of the points for all identical columns was calculated. Every row was compared with
every other row, generating a table (either bacteria by bacteria or phages by phages). Scores at
the intersection of two bacterial strains or two phage isolates represented a “similarity score”
where high scores represented high similarity between the two infection patterns and low scores
represented low similarity. The Python script is included as Appendix D – Python script for
comparing P. larvae infection patterns and host range. Second, a Pearson correlation test was
performed using binary data (a 1 meant the phage infected the bacterium, while a 0 meant it did
not). This test generated a table where the intersecting cell of two bacterial strains or two phage
isolates contained a correlation score from -1 (perfect negative linear relationship) to +1 (perfect
positive linear relationship) and a p-value. Bacteria and phages were assigned to groups based on
overall similarity. The strength of group assignments was tested by using a two-tailed Student’s
T-test assuming unequal variance to compare the average score within a group and the average
score compared to the other group. P-values less than or equal to 0.05 were considered
significant. Box and whisker plots were also generated of average scores within assigned groups.
Sample points were identified as outliers if they were more than 1.5 times the interquartile range
below or above the first or third quartiles.
Results
AFB and bee debris samples gathered
From 2013 to 2015, we received 87 bee debris samples and 60 AFB samples from more
than 40 different hives. Samples of AFB for P. larvae isolation and samples of bee debris for P.
larvae phage isolation were gathered primarily in Utah, though we also received AFB samples
from Idaho and phage samples from Wisconsin. Figure 4-1A illustrates the locations in Utah
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where samples were gathered for phage isolation, while Figure 4-1B illustrates the locations
in Utah where samples were gathered for P. larvae isolation.

Figure 4-1. Origin of samples for P. larvae and phage isolation. (A) Locations in Utah where
samples were gathered for phage isolation are indicated by a yellow marker. (B) Locations in
Utah where samples were gathered for P. larvae isolation are indicated by a red marker.

Isolation of P. larvae from AFB samples
Samples gathered from AFB-infected hives were processed as described previously.
Colonies from 73 samples grew on selective media and were catalase negative. These samples
were archived as described previously. After initial plating of heat-treated larval remains, most
colonies did not appear until after 72 hours. Colonies appeared after 48 hours in subsequent
passages. There were 44 samples that were streaked on both selective MYPGP and selective
PLA agar. Of the 30 samples that formed colonies on MYPGP, 26 (87%) were later confirmed to
be P. larvae. In contrast, only 14 samples formed colonies on PLA and 10 (71%) were later
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confirmed to be P. larvae. The remaining samples were streaked on only MYPGP due to its
superior selectivity and recovery of germinating P. larvae spores.
Identification of P. larvae using KAT and 16S rRNA PCR
The 73 bacterial isolates were analyzed by PCR using, KAT primers or 16S rRNA
primers, or both. PCR using ERIC primers was attempted three times, yet each attempt failed to
produce any amplicons visible on a gel. Combined data from 16S rRNA and KAT PCR indicates
that 65 isolates were confirmed to be P. larvae. Of these, 45 were confirmed as P. larvae using
PCR, sequencing of the 16S rRNA, and running BLAST on the rRNA sequences. Because the
trimmed sequences for PL311 and PL328 were only 37 bp and 65 bp respectively, good quality
sequence data outside of the trim annotations was used for BLAST searches, confirming both
isolates as P. larvae. The 16S rRNA gene sequences for the remaining eight samples were other
Gram positive bacteria not closely related to P. larvae. PCR using KAT primers indicate that all
58 strains tested produced a band, indicating that the genotype of all of these P. larvae strains is
either ERIC-1 or ERIC-2. Supplementary Table S8-2 lists the names of the bacterial isolates,
sample origin, results of KAT PCR, length of trimmed 16S rRNA gene sequences (if sequenced),
the type of bacteria isolated, whether the sample was archived, and whether the bacteria was
tested for susceptibility to phages. Trimmed 16S rRNA gene sequences for P. larvae are listed in
Appendix E – Paenibacillus larvae Raw Sequence Data.
Comparison of P. larvae strains using 16S rRNA gene sequences
Of the 45 16S rRNA genes from P. larvae field isolates that were sequenced and
trimmed, only 43 were long enough to be analyzed using a multiple sequence alignment and
phylogenetic tree. A maximum likelihood phylogenetic tree containing 16S rRNA gene
sequences from 43 P. larvae field isolates is shown in Supplementary Figure S8-1. This tree also
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contains 16S rRNA gene sequences from NCBI from 3 P. larvae strains, P. alvei, P. polymyxa,
Paenibacillus sp. JDR-2, B. brevis, 3 B. laterosporus strains, and two P. larvae subsp.
pulvifaciens strains (DSM 8442 and 8443) now believed to be B. laterosporus strains. All P.
larvae strains share a common ancestor. No sequences from other species were grouped into this
clade. The relationship of Paenibacillus and Brevibacillus strains relative to S. aureus are
reflective of currently accepted taxonomic organization.
P. larvae phages isolated
Of the 87 bee debris samples collected from near beehives, 32 were used for P. larvae
phage isolation. Phages were isolated from 21 (66%) of the samples tested. Eight phages were
also isolated from the supernatant of bacterial cultures containing four or five different P. larvae
field isolates. A total of 38 P. larvae phages were isolated. Multiple plaque morphologies were
observed in many of the samples after plating bacteria infected with liquid from the initial
enrichment culture. These plaques were isolated purified through three additional rounds of
picking, infection, and plating. Phages PBL1c and PBL0.5 were also isolated from samples
provided by Dr. Douglas Dingman and studied using electron microscopy and phage typing
experiments. Supplementary Table S8-3 lists phage names used in this study, the sample origin,
the structural morphology, the bacteria used for isolation, and the number of P. larvae field
isolates the phages were able to infect. The average number of P. larvae field isolates infected by
phages used in this study was 23.3.
A comparison of phage sample origin and the bacteria used to isolate the phage indicates
that when phages and bacteria are isolated from nearby locations, phages are better able to infect
other local P. larvae strains. For example, the average number of P. larvae field isolates infected
by phages found in Utah bee debris samples isolated on ATCC 9545 was only 8.4. The average
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number of P. larvae field isolates infected by phages isolated from Wisconsin bee debris samples
was 20.7. The average number of P. larvae field isolates infected by phages isolated from Utah
bee debris samples on Utah field isolates was 30.0. The success of future phage host range was
also inversely correlated to the phage susceptibility of the bacteria used for phage isolation. For
example, the most susceptible strain to phage infection (ATCC 9545) was used to isolate phages
with the smallest average host range. The strains least susceptible to phage infection (PL304,
PL307, and PL310) were used to isolate phages with the broadest host range, capable of
infecting an average of 50.5 out of 59 P. larvae field isolates.
Electron microscopy of P. larvae phages
Electron micrographs were obtained for 31 of the 40 phage isolates. All phages imaged
were siphoviruses. Electron micrographs for 15 phages with icosahedral capsids are shown in
Supplementary Figure S8-2, and electron micrographs for 12 phages with prolate capsids are
shown in Supplementary Figure S8-3. Micrographs for four phage isolates (J3-2, J6-1.1, J6-1.2,
and JS) showed phages with both icosahedral and prolate capsids, indicating incomplete
separation prior to imaging. PBL0.5 was imaged in a prior publication and is a myovirus (40),
but we have not yet confirmed the morphology of the phage in the PBL0.5 sample we received.
Prior images indicate that PBL1c is a siphovirus with an prolate capsid (39), as do micrographs
taken as part of this study.
Phage typing of P. larvae bacteria
The 40 phages used in this study were tested on 59 out of 65 P. larvae field isolates and
P. larvae ATCC 9545 to determine whether each phage could infect each bacterium. Every
phage was able to infect P. larvae ATCC 9545. However, bacterial susceptibility to phages
ranged from 36 phages to just two phages. The average number of phages able to infect a P.
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larvae field isolate was 15.7 out of 40 (39.3%). The ability of phages to infect P. larvae field
isolates was also highly variable and ranged from 55 field isolates infected to zero field isolates
infected. The average number of field isolates that phages were able to infect was 23.3 out of 59
(39.4%).
The Python script was used to quantify the relationships between infection patterns of
different P. larvae field isolates. If all 40 phages infected two bacteria identically, the score
would be 40, whereas if zero phages infected two bacteria identically, the score would be zero.
Figure 4-2 illustrates the similarity scores. Bacteria are sorted into two groups based on
similarity of infection patterns and scores are colored from least similar (red) to most similar
(green). Two groups of P. larvae field isolates are easily identifiable. The larger group in the
upper left corner will be referred to as Group 1 (contains 36 strains), and the smaller group in the
lower right corner will be referred to as Group 2 (contains 23 strains).
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Figure 4-2. P. larvae similarity scores based on susceptibility to phage infection. This figure
includes 59 P. larvae strains. Scores range from 0 to 40 depending on how similar the phage
infection pattern is between the two bacteria. A zero indicates that no phages tested on the two P.
larvae strains infected both or infected neither. A 40 indicates that all phages tested on the two P.
larvae strains infected both or infected neither. P. larvae strains were sorted into two groups (1
in upper left corner, 2 in lower right corner) based on similarity.

To evaluate the strength of Group 1 and Group 2, the similarity scores comparing a
bacterium to other members within its group were averaged. The similarity scores comparing a
bacterium to members in the other group were also averaged. A Student’s two-tailed T-test
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assuming unequal variance conducted on these two sets of average similarity scores for Group 1
and Group 2 determined that the average relatedness of each group was significantly higher than
the average relatedness of the strains assigned to the other group. The p-value for Group 1 was
9e-34, and the p-value for Group 2 was 7e-17. P-values and correlation scores and p-values were
also computed for this dataset and a T-test was conducted on the correlation scores to evaluate
the strength of Groups 1 and 2. The p-value for Group 1 was 1e-13, and the p-value for Group 2
was 1e-17. A boxplot of averages were also generated for each group, and outliers were
identified they varied below or above from the first or third quartile by more than 1.5x the
interquartile range. Outliers identified using this method were PL328 in Group 1 and PL338 in
Group 2. Switching group assignments did not bring these outliers closer to the rest of the
averages.
After Group 1 and Group 2 were identified, metadata associated with each P. larvae field
isolate was analyzed to search for correlations to group assignment. The parameters that were
analyzed included geographical location (county, city, hive owner, apiary, and individual hive),
collection date, antibiotic resistance, and sample type gathered, but no meaningful correlations
could be found. However, when we investigated the relationship of phage host range to Group 1
and Group 2, we discovered that Group 1 is more resistant to phage infection. On average, only
7.7 ± 3.5 phages can infect members of Group 1. In contrast, Group 2 is more susceptible to
phage infection with 28.4 ± 4.2 phages infecting members of Group 2 on average. Figure 4-3
illustrates the infection patterns produced by each phage infecting each bacterium where a green
box indicates the phage infects the bacterium and a red box indicates that the phage does not
infect the bacterium. The bacteria are sorted into Group 1 and Group 2, and the phages are
arranged vertically from broadest host range to most narrow host range.
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Figure 4-3. Infection patterns of P. larvae field isolates. P. larvae field isolates are sorted into
two groups. Phages are arranged vertically from broadest host range to most narrow host range.
Green boxes indicate the phage can infect the bacterium while red boxes indicate the phage
cannot infect the bacterium. Group 1 was able to be infected by 7.7 ± 3.5 phages on average,
while Group 2 was able to be infected by 28.4 ± 4.2 phages on average.

To investigate the diversity of P. larvae found in each hive we intentionally gathered
multiple P. larvae samples from individual hives. We tested nine hives in this manner. Figure 4-4
illustrates the range of infection scores for isolates from the same hive. Five of the nine hives
(indicated by boxes containing scores below 30) contained P. larvae from both groups, while the
other four hives contained P. larvae belonging to only one group.
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Figure 4-4. Variability in phage susceptibility for P. larvae strains from the same hive. Each
of the seven boxes in this figure represent a single hive. Rows and columns in each box represent
P. larvae strains isolated from that hive. The similarity scores reported can range from 0 to 40. A
zero indicates that no phages tested on the two P. larvae strains infected both or infected neither.
A 40 indicates that all phages tested on the two P. larvae strains infected both or infected neither.
Grouping phages based on host range
Similarity scores were also calculated for each phage depending on how its host range
compared with each other phage. Figure 4-5 illustrates P. larvae phages grouped based on
similar host range. Phages are arranged vertically and horizontally from broadest host range to
most narrow host range (approximately) and are colored based on structural morphology.
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Figure 4-5. P. larvae phage host range. Phage similarity scores based on host range are colored
from red (least similar) to green (most similar). A zero indicates that no bacteria tested for
infectivity by the two phages were susceptible to infection by both or susceptible to neither. A 59
indicates that all bacteria tested for infectivity by the two phages were susceptible to infection by
both or susceptible to neither. Phages are roughly arranged vertically and horizontally from
broadest to most narrow host range. Phage labels are colored based on structural morphology.

Phages in the upper right hand corner are those that have the broadest host range. The top
left corner of Figure 4-5 is shown in Figure 4-6 with boxes highlighting phages with similar host
ranges.
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Figure 4-6. P. larvae phages with broad host ranges. This figure includes the top left corner of
Figure 4-5. Phages in this figure show very broad host range, as each infects more than 36 of 59
P. larvae field isolates. Black boxes are drawn around phages that appear to show similar host
range. Phage labels are colored based on structural morphology.

Discussion
Most of the AFB samples in this study were gathered from beehives along the Wasatch
Front in northern Utah. This densely populated area is home to many hives belonging to both
commercial and hobbyist beekeepers. Close proximity of hives and trafficking of hives
throughout the area likely provides ample opportunity for different strains of P. larvae to spread
around the area. Additionally, because P. larvae is naturally found in beehives, an AFB infection
in a hive may be from outside contamination, germination of spores already present, or both.
Multiple P. larvae isolates taken from each of seven different hives indicate that the level of
diversity of P. larvae strains in a single hive can vary. These properties, as well as the small
sample size and limited geographical area sampled make it difficult to identify relationships
between different P. larvae isolates using phage typing or DNA sequencing.
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Sequence analysis of the 16S rRNA genes from P. larvae field isolates allowed for clear
identification of the bacterial species. Further phylogenetic analysis using the same gene or set of
genes from many different isolates can often identify which isolates are more closely related to
each other and even infer geographical relationships (63). However, phylogenetic analysis of 16S
rRNA gene sequences indicated that there were not enough differences between them to permit
the separation of P. larvae field into meaningful clades indicative of closer relationships. Instead,
most P. larvae strains were grouped into a single clade with no substructure. PCR using KAT
primers on 58 P. larvae field isolates indicates that all of these strains have either the ERIC-1 or
ERIC-2 genotype, which are the two most common genotypes (5, 63).
Phage typing of P. larvae strains identified two major groups. Statistical data indicates
robust support for these groups, as the p-values of all hypotheses tested was less than 1e-13.
However, the presence of two outliers indicates that additional phage typing groups may be
identified as more P. larvae samples are acquired and tested. The only property of the bacteria
that seemed to relate to these phage typing groups is how susceptible the group was to infection
by P. larvae phages. Group 1 was much less susceptible to infection by the 40 phages tested in
this study than Group 2, which was highly susceptible. Though group formation was not related
to geographical locations, several other hypotheses remain viable. First, 57 out of 59 P. larvae
strains tested for phage susceptibility in this study have ERIC-1 or ERIC-2 genotypes. The two
P. larvae groups identified by the phage typing system developed here may correlate to the two
ERIC genotypes. If so, susceptibility to specific phages could be a rapid test to determine
bacterial genotype as well as its virulence in beehives. Second, because many P. larvae strains
harbor multiple temperate phages (39), the separation into two groups may be indicative of a
bacterial lysogen having immunity to superinfection by a harboring genetically similar phage
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(102, 103). Future experiments will need to be performed to investigate whether either of these
hypotheses explain the two bacterial groups. Additional P. larvae strains will need to be isolated
and typed to determine the robustness of the two-group model.
Nearly two thirds of the bee debris samples used for phage isolation produced phages,
suggesting that P. larvae phages are common in nature. The data also indicate that P. larvae
phages better infect bacteria isolated near where the phages were isolated. This suggests a close
relationship between P. larvae bacteria which only grows in beehives and P. larvae phages. The
host range of P. larvae phages outside the P. larvae species has not yet been tested extensively
(37), but thus far no data is available to indicate that P. larvae phages can infect other bacteria.
Of the three morphologies of P. larvae phages previously characterized, two were
identified in P. larvae phages isolated in this study: siphoviruses with prolate capsids, and
siphoviruses with icosahedral capsids. Previous electron micrographs indicate phage PBL0.5 is a
myovirus (39), but no P. larvae myoviruses were identified in this study, indicating that
additional P. larvae phage diversity has yet to be discovered.
Future Directions
This study was the first to use a broad number of P. larvae phages to study differences
among P. larvae field isolates. Despite the relatively small sample sizes of phages and bacteria,
infection patterns were able to sort bacteria into two groups and identify groups of phages with
broad host range that may be useful in developing a phage-based treatment for beehives to
prevent or treat AFB. ERIC genotyping is primarily used to distinguish unrelated bacteria (64)
and has been used to characterize P. larvae strains (54, 96, 100, 104). Although the ERIC
genotyping system for P. larvae has become common in many P. larvae publications, the field
isolates in this study were not able to be genotyped because the reaction failed multiple times.
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Once the field isolates in this study have been assigned ERIC genotypes, bands specific to the
four P. larvae ERIC genotypes can be sized, extracted, and sequenced. After primers are
designed that are specific to these loci, a single PCR reaction can determine ERIC genotype.
Bands unique to the four ERIC genotypes have already been identified but not all have been
sequenced to permit primer design (5). These data, together with phage typing may allow future
studies to investigate the association of P. larvae strains to the geographical location where the
samples were collected or provide another explanation for the separation of P. larvae strains into
groups based on phage infection patterns.
Characterizing the host range and structural morphology can effectively be used to group
phages based on similarity and identify candidates for use in a phage therapy treatment, but fails
to indicate whether these phages would be useful in beehives. Future studies, including whole
genome sequencing and superinfection immunity assays, will help determine whether each phage
is lytic or temperate, and whether each phage contains known virulence factors.
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5. STANDARDIZING METHODS FOR PHAGE GENOMICS RESEARCH
Summary
The following manuscript was written, submitted to BMC Genomics, and is currently
under review. Minor changes in this manuscript relative to the submitted version include
references to supplementary material and additional files.
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Abstract
Phage genome analysis is a rapidly growing field. Recurrent obstacles include software
access and usability, as well as genome sequences that vary in sequence orientation and/or
starting position. Here we describe modifications to the phage comparative genomics software
program Phamerator, provide public access to the code, and include instructions for creating
custom Phamerator databases. We report how raw data from high-throughput sequencing,
together with phylogenetic analyses of large terminase proteins, can help researchers identify
packaging strategies and physical ends of phage genomes. We promote publication of phage
genomes in an orientation consistent with the physical structure of the phage chromosome.
Keywords
phage; terminase; Phamerator; phylogenetic tree; DNA packaging; comparative genomics;
sequencing
Background
Bacteriophages are the most abundant and diverse biological entities on earth (27).
Thousands of students and professors at hundreds of universities around the world are studying
bacteriophages (105). Low sequencing costs allow researchers to sequence and publish the
genomes of phages they study. As a result, phage genomes are being added to GenBank at an
exponential rate (Figure 5-1).
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Figure 5-1. Total Caudovirales sequenced 2000-2014. Total Caudovirales sequenced 20002014. This figure includes all complete genomes of Caudovirales sequenced and deposited in the
“Nucleotide” NCBI database from 2000 to 2014.

Phamerator is a computer program (47) written to analyze the many Mycobacteriophages
isolated and sequenced through the Howard Hughes Medical Institute (HHMI) Science
Education Alliance-Phage Hunters Advancing Genomics and Evolutionary Science (SEAPHAGES) program (105). Phamerator is popular among the large groups studying
Mycobacteriophages (106) and Bacillus phages (107, 108) and is steadily gaining traction in
other areas of phage research (59, 83, 109-111).
Herein we describe software-based methods to study phage genomes, determine phage
genome ends, and identify phage DNA packaging strategies. There are several limitations to the
original version of Phamerator that we sought to overcome. First, as originally written,
Phamerator could only read existing databases hosted on remote servers and could not create
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custom databases to be explored on local computers. Second, no detailed documentation existed
to describe how to make custom databases or use features other than the graphical user interface.
The goal of this work was to enhance the existing code, and to make Phamerator accessible to all
phage researchers by providing instructions on how to build and use a custom database in
Phamerator. In addition, we describe best practices when preparing phage genomes for
publication and effective downstream analysis using Phamerator and other programs. These
contributions enable phage researchers to use this powerful program and provide a basis for more
consistent deposition of phage genomes into NCBI that will facilitate downstream analyses.
Phamerator computer coding and database setup
Phamerator is written in Python and runs in the Linux Ubuntu operating system (47).
Ubuntu can be installed on any computer as a virtual machine through programs like VirtualBox
(https://www.virtualbox.org). Phamerator compiles Structured Query Language (SQL) databases
of bacteriophage genomes using GenBank (112) formatted files. Phamerator compares all gene
products in the database using ClustalW (113) or ClustalO (114) and BLASTP (66) and then
groups these gene products into “phamilies” (phams) based on percent identity or BLASTP
expect value (E-value) with other gene products in the pham. Phamerator also prepares linear
genome maps for gene order and content (genome synteny) comparison. Researchers can
manually assign phages into different clusters within a database, such as groups based on
genome similarity, (83, 115, 116), genera (117) or host preference (59).
Phamerator database setup requires four main processing steps. In the first and second
steps, Phamerator aligns all possible pairs of gene products in the database using both BLASTP
and ClustalW and saves all statistically significant results. In the third step, the user specifies an
E-value and a percent identity used to group proteins into phamilies. These phamilies can help
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identify homologous gene products (47). In the final step, Phamerator identifies conserved
domains in every protein in the database using the Conserved Domain Database (CDD) (48).
These tools provide powerful analyses to study gene synteny and conservation.
Phamerator reads the phage data stored in the SQL database and displays it in a graphical
user interface. Phamerator has two main graphical outputs: linear genome maps and phamily
circles. The features and purposes of these graphics are described in the original Phamerator
publication (47).
Main features of Phamerator for comparative phage genomics
Researchers can display a linear genome map of any number of phages in a database. The
maps depict gene products as boxes that are colored by phamily or other parameters (Figure 5-2).
Colored lines connecting adjacent phage genomes indicate BLASTN and BLASTP homology.
These maps highlight mosaicism and synteny, and can be adjusted to align homologous genes or
sections. Hovering the mouse over gene products will display text describing identified
conserved domains and conservation of that gene product throughout phages in a user-defined
cluster or throughout the whole database. Figure 5-2 demonstrates how a linear genome map
containing phage genomes in a similar orientation can be used to identify homologous genes,
conserved proteins, and conserved domains when compared to other phages in the database.
Supplementary Table S8-1 is a table that lists all of the phages included in the database used to
generate the Phamerator figures in this paper.
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Figure 5-2. Phamerator genome map comparison. This linear genome map includes two
similar phages published in a similar orientation. Colored lines connecting the genomes indicate
the level of nucleotide similarity. Horizontal yellow bars inside gene product boxes indicate
conserved domains and represent the length of that domain relative to the length of the gene.
When the mouse is hovered over one of the yellow conserved domains, a popup box will appear
describing that domain (e.g., tail assembly protein, indicated by a dotted outline). When the
mouse is hovered over a pham label, a popup box will appear (indicated by a dotted outline)
which identifies the clusters and phages that contain a protein in a pham. Using these features,
researchers can quickly identify conserved domains in any protein, and the frequency with which
each protein is found in other phages in the database.

Phamerator also creates phamily circles for each gene product phamily (Figure 5-3).
These circles display phage names around the perimeter. Phages are organized around the circle
according to user-defined cluster assignments. If a phage contains a gene product in the pham
being displayed, the gene product number appears next the phage name. Inside the circle, lines
connect proteins in the same pham based on ClustalW or BLASTP relationships. A blue line
connecting two gene products indicates that they share greater than 32.5% identity, a red line
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connecting two gene products indicates that they have an E-value of less than 1e-50 (Figure 5-3).
If the ClustalW and BLASTP parameters used to build phamilies vary, then lines may not be
drawn if relationships fall below the default values of 32.5% and 1e-50. Section 3.2, step 9 of
Appendix F – Phamerator Instructions describes the process of building phamilies. We set
ClustalW and BLASTP cutoff values for building protein phamilies in this database at 32.5%
and 1e-35, respectively. At this time, changing the parameters for building phamilies will not
affect the parameters used to display pham circles.

Figure 5-3. Phamily circle of pham 271, a Lambda family phage holin. This phamily circle
displays the relationships of nine proteins that belong to pham 271. Conserved domains indicate
these proteins are phage holins in the Lambda family. Clusters designations which reflect
experimentally determined packaging strategies (see Supplementary Table S8-1) are indicated
inside the circle. Gene products connected by red lines are included in the pham because they
have an E-value of less than 1e-50. Gene products connected by blue lines are included in the
pham because they share more than 32.5% identity.
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Phamerator exports two user-friendly spreadsheets: the “pham table” and the “cluster
table”. The pham table lists phams down the left column and phage names across the top row.
Gene products in each phage are placed on the row of the phamily they belong to. The cluster
table also lists phams down the left column but lists the user-defined phage clusters across the
top row. The number of gene products from each cluster that belong to each pham is listed. Each
table lists conserved domains organized by phamily. A file that contains an example pham table
and cluster table from a Phamerator database can be generated by Phamerator. Figure 5-4
contains excerpts from this table. By using sort and filter tools within a spreadsheet editor, these
spreadsheets can be used to extract data including gene products common to a select group of
phages, all gene products with an identified conserved domain, all members of the largest
phamily, and more. Users can also quickly export custom sets of genomes, genes, or proteins.
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Figure 5-4. Excerpts of pham table exported from Phamerator. (a) The pham table is sorted
by gene number in Bacillus phage Basilisk. Conserved domains and phamily members are
identified for each gene. (b) Excerpts displaying only genes found in T3 and T7 (the T3/T7
conserved core genome). (c) A pham table filtered for conserved domains containing the word
“terminase”. All phams containing gene products that are terminases are displayed.

Phage genome orientation
Effective Phamerator analysis of similar phage genomes requires consistency in the
genome orientation and the location of the first base. As phage genomes are published it is
important that the orientation and complementarity are intentional, reflect physical properties of
the phage chromosome, and are consistent with well-characterized phages. Phage genomes are
currently deposited with a wide variety in the base one calls for even very similar phages (83).
Thus, one crucial step in preparing phage genomes from GenBank files for Phamerator and other
78

analyses is to rearrange genomes that are oriented incorrectly so that genome content and gene
order may be easily compared. Proper identification of physical ends and phage packaging
strategies allows researchers to arrange phage genomes correctly before publishing them.
Although wet lab methods for determining phage ends and packaging strategies have
been described previously (118), these experiments consume time and resources and may be
inconclusive. Software-based methods using raw next-generation sequencing data provide
insight into physical ends and packaging strategies (119). These data can guide, clarify, or
potentially replace wet lab experiments, especially when working with large datasets.
Results and Discussion
Modifications to the original Phamerator code fixes errors and allows for continued
compatibility
The original Phamerator code was retrieved and modified by the Brigham Young
University (BYU) Life Sciences IT Department and the authors of this paper. The original
Phamerator code is found at http://phamerator.csm.jmu.edu/files/phamerator.release/ and can be
installed using Bazaar using instructions available at http://phagesdb.org. Our modifications to
Phamerator allow local, custom databases to be easily created, altered, and viewed. These
databases can contain both newly sequenced phage genomes and phage genomes retrieved from
NCBI. The modified Phamerator code is deposited at
http://github.com/byuphamerator/phamerator-dev/. A detailed list of changes is provided in
Table 5-1.

79

Table 5-1. Phamerator features and modifications.
This table describes features of Phamerator, the updates provided by the new version we provide,
and the justification of why these modifications were necessary.
Feature
Biopython
compatibility
Building the
Phamerator database
ClustalO alignments
Computation progress
Pham and cluster
tables
Domain and pham
labels in genome maps
Delete BLAST and
ClustalW scores
Updates to SEAPHAGES server

Updates provided in new version
Works with Biopython 1.64
Added prompts for username,
password, server location, and
database name at each step
ClustalO may be used instead of
ClustalW to perform alignments
Fixed script displaying the progress of
BLAST and ClustalW
Column listing conserved domains for
each pham was added to these tables
Added whitespace to the right of these
maps
Users are prompted to delete or keep
all scores when adding or removing
phages
Phamerator no longer automatically
downloads databases from the SEAPHAGES server

Justification
Continued compatibility with future
Biopython versions
The new prompts replace what was once
written directly into the code
ClustalO is newer and is faster
Helps users estimate when these jobs will
finish
Used to quickly determine putative
functions of proteins in a pham
Labels near the end of these maps are
now visible
Scores can be deleted following major
modifications to the database
Updates were disabled to prevent
conflicts with database names

The Graphical User Interface (GUI) of Phamerator is run on various operating systems
with the aid of virtual software
The graphical interface of Phamerator has wide usage among universities involved in the
SEA-PHAGES program and is growing in popularity among other phage researchers as well.
SEA-PHAGES members can download a pre-configured Ubuntu virtual hard drive file
(www.hhmi.org/seawiki) and gain access to the Mycobacteriophage database managed by
Graham Hatfull at the University of Pittsburg and Steve Cresawn at James Madison University.
The virtual hard drive can be run using VirtualBox (www.virutalbox.org) or other virtualization
software. At BYU, Phamerator is accessible in the Windows environment by forwarding an X11
window over SSH from a Linux virtual machine (VM) running on a server. This always-on VM
keeps local computers fast as resources aren't spent running a local VM. This server VM allows
multiple users on each VM, also saving users the time it takes to install and manage a virtual
80

machine. North Carolina State University (NCSU) has also successfully built their own
Phamerator databases which they currently use for teaching and research purposes. A Virtual
Computing Lab at NCSU allows students to log on to a Ubuntu virtual machine from anywhere
on campus and access Phamerator.
After a Phamerator database of phage genomes is compiled and processed it can be
viewed and studied using the graphical user interface. Prior to our work, database setup was
exclusive to the SEA-PHAGES program. The following section describes how to prepare a
Phamerator database using GenBank-formatted genome sequences so that any user can prepare a
custom database for analysis.
A custom Phamerator database can be generated
Phamerator has three main parts: the graphical user interface (GUI), the Python scripts,
and the SQL database. The GUI is the window used to view linear genome maps, pham circles,
etc. Each Python script performs a specific function such as importing phages or computing
Clustal scores. The SQL database is a set of linked tables where all of the phage gene sequences,
alignment scores, etc. are stored. The database must be populated with phage genomes and
processed before the end-user can view the desired genomes and access the features of
Phamerator.
The following steps are used to create a Phamerator database containing user-specified
phage genome sequences.
1. Install Ubuntu on a computer or inside a virtual machine.
2. Install Phamerator and the programs it needs to run.
3. Create a blank MYSQL database.
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4. Insert table headers into the blank database so Phamerator knows where to store and
access phage data.
5. Create GenBank-formatted files for recently sequenced phage genomes or retrieve phage
GenBank files from NCBI. Use a program, such as DNA Master
(http://cobamide2.bio.pitt.edu), to fix any formatting errors.
6. Import phage genome files into the SQL database.
7. Run Clustal comparisons on all phage gene products in the database. Each Clustal “job”
compares one phage gene product against all others in the database and records
significant alignments.
8. Run BLASTP comparisons on all phage gene products in the database. Each BLASTP
“job” compares one phage gene product against all others and records significant Evalues.
9. Run phamBuilder to group similar gene products into phamilies. Gene products are
joined into a pham when they are similar to at least one other member by either a Clustal
percent identity or BLASTP E-value at or above user-defined cutoffs. Commonly used
values are 32.5% identity and 1e-50 E-value (47).
10. Run cddSearch to identify conserved domains in gene products in the database using the
CDD.
11. Export the database to a single SQL file to be shared with others.
Detailed instructions to execute these steps have been deposited at our website,
http://phagehunters.byu.edu/Phamerator and are also included as Appendix F – Phamerator
Instructions. The instructions describe the process in detail to assist users through the technical
tasks required to set up Phamerator. For example, Phamerator is currently only available for
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computers running Ubuntu. In most cases, this means that Ubuntu must be installed as a virtual
machine. Processing a Phamerator database requires a computer with a powerful processor. An
additional 40 GB of hard drive space is needed to set up a local copy of the CDD so conserved
domains can be added to gene products in Phamerator. In the instruction manual, we provide
descriptions of common errors that can occur due to variations in GenBank files and include a
troubleshooting section for these errors. For example, GenBank files imported into Phamerator
must contain unique locus tags, a “gene” feature, and a “CDS” feature for each gene. In addition,
to avoid translation errors during importing, each gene in the file must use the “Bacterial and
Plant Plastid” translation table. Furthermore, genomes that are arranged incorrectly or contain
genes that wrap around the genome from the end to the beginning must first be modified using a
program such as DNA Master.
Publication of phage genomes without a standardized genome start location or orientation
results in an obstacle for comparative genomic software
Similar phage genomes that begin near the same gene allow for easy identification and
visualization of homologous regions using software such as Phamerator and other comparative
analysis programs. When newly published genomes begin at a different gene or are reverse
complemented relative to similar genomes, it becomes difficult to make direct comparisons. For
example, Figure 5-5a is a linear genome map of the three Sf6-like headful packaging phages as
they are published on GenBank (E4 cluster, see Figure 5-6). Phage Sf6 is oriented so that the
terminase (gp2) is near the beginning of the genome in the forward direction. Although APSE-1
and CUS-3 are highly similar, they are not published in a similar orientation, making
comparisons difficult. The terminases in APSE-1 and CUS-3 are gp18 and gp21, respectively.
APSE-1 is published using the correct complementarity but the base one call is ~8.5 kb upstream
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relative to Sf6. The published genome of CUS-3 is reverse complemented relative to Sf6 and
begins ~17.5 kb upstream (Figure 5-5b). Although Phamerator can reverse complement genomes
and align specific genes, it cannot assume a circular sequence and rearrange genomes to easily
identify homology and synteny.

Figure 5-5. Linear genome map of three circularly permuted phages from the E4 cluster,
which package chromosomes via the headful strategy. (a) Only Sf6 is arranged correctly. The
large terminase protein is outlined in orange. Relative to phage SF6, APSE-1 and CUS-3 are
arranged incorrectly and CUS-3 is also reverse-complemented. Lines connecting CUS-3 and SF6
indicate nucleotide homology. (b) Using DNA Master, APSE-1 and CUS-3 were rearranged and
reversed complemented and these new files were reanalyzed using Phamerator for comparison.
Original gene numbers were preserved.
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Figure 5-6. Neighbor-joining tree of large terminase proteins. This tree was generated by
ClustalX (113), displayed in Mega6 (69), and contains large terminase sequences from phages
with experimentally determined packaging mechanisms and physical ends (see Supplementary
Table S8-1). Bootstrap values are for 1,000 trials. The scale bar shows 0.1 amino acid
substitutions per site. We manually assigned clusters in Phamerator that correspond to packaging
strategies. For example, phages that use 3’ cos ends (HK97) are assigned to cluster A1. This
phylogenetic tree indicates that large terminase proteins sharing phamilies and packaging
strategies also clade together.Conflicting genome orientations is a problem not only with
85

Phamerator, but is something that must be addressed before using other popular genome
alignment comparisons such as MAUVE (120) or dot plot analysis programs. DNA Master is a
program that can be used import GenBank files, rearrange genomes, and export FASTA or
GenBank files (see instruction manual), but this can be time-consuming. We adduce a best
practice to publish phage genomes in light of physical ends and packaging strategies and not
based on artificial circularity or previously published phage genomes that may be oriented
incorrectly. Accurate base one calls prior to publication will facilitate rapid, precise comparisons
between similar phage genomes using Phamerator and many other programs. Prior to building a
custom Phamerator database, we assess each phage genome to ensure consistency in the genome
start position and orientation.
Sequencing data can reveal phage DNA packaging strategy to select the genome start and
orientation
Regardless of the packaging strategy or physical ends, all tailed bacteriophages
(Caudovirales) end up with a linear DNA molecule packaged in the capsid of the mature virion
(118). This genome is then injected into a new host, wherein most phage chromosomes
circularize. The mechanism of circularization is dependent on the packaging strategy and the
type of physical ends produced. Therefore, identification of the packaging strategy can reveal the
location of the physical start of a phage genome, and sequencing data can often be analyzed to
determine the packaging strategy used (119, 121, 122).
Bacteriophages that use homologous recombination to generate circular chromosomes
following infection must have an identical sequence at each end of the linear chromosome
(Figure 5-7a). Some phages use exact direct terminal repeats (DTRs) to accomplish this. These
repeats can be short (200-700 bp) or long (up to 16 kbp). Following homologous recombination,
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the circular chromosome contains exactly one copy of the DTR (Figure 5-7b). The circular
chromosome is replicated via theta and sigma (or rolling circle) replication, forming linear
concatemers. The concatemers contain only one copy of the repeat sequence between each
genome-length (Figure 5-7c). The repeat between the next genome-length and the one being
packaged are duplicated so that each virion receives a chromosome with an identical repeat at
each end. The raw data for these sequences indicate that twice as many reads cover the exact
DTR when compared with the rest of the genome since the exact DTR is found twice in each
phage chromosome. Thus, a phage likely has exact DTRs if it has an area where the number of
reads mapped to the consensus suddenly doubles relative to the surrounding sequence.

Figure 5-7. Physical structure, circularization, and packaging mechanism of a phage with
exact direct terminal repeats (DTR) at each end. (a) The DNA inside the phage virion before
infection has the same sequence at both ends. These ends are identical in each virion. (b) After
infection, the ends undergo homologous recombination to form a circular DNA molecule. (c) A
linear concatemer is generated via rolling circle replication. The repeated ends are duplicated
while the DNA is being packaged. Each virion has identical repeats at each end.
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The Pile-up Analysis Using Starts & Ends (PAUSE) program
(https://cpt.tamu.edu/computer-resources/pause) looks for DTRs based on changes in coverage
depth in reads that are aligned to the assembled phage genome and predicts the sequence and
length of exact DTRs. PAUSE takes two inputs: (1) the finished FASTA file containing a phage
genome and (2) the raw sequencing data in SFF or FASTQ format. Instructions for PAUSE are
available at https://cpt.tamu.edu/analysis-with-pause/. PAUSE returns a plot of genome length
versus coverage and predicts where DTR sequences begin and end (Figure 5-8a). Consed (80) or
another genome viewer can show individual reads mapped to the genome to visualize these
changes in coverage. The beginning and end of DTR sequences are marked by sharp increases or
drops in fold coverage (Figure 5-8b). Each phage genome can be scrutinized to see if it contains
repeats. If so, the sequence can be oriented true to the phage chromosome it represents with a
repeat region on each end and the genome in the middle.
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Figure 5-8. Analysis of exact DTRs in Bacillus phage Basilisk. (a) PAUSE analysis graphs the
number of reads mapped to the Basilisk genome. The region between the sense and antisense
starts and ends indicates the location of the short exact DTR in Bacillus phage Basilisk, which
was used to call base one (108). (b) Consed shows a sharp increase in coverage near the left end
(sense start) of the exact DTR in Bacillus phage Basilisk. This location corresponds to the sense
start which is marked by a tall read spike in Figure 5-8a.
If no exact DTRs are identifiable, the phage may have cohesive ends or may be circularly
permuted due to headful packaging. Phages with cohesive ends have a 3’ or 5’ overhang on each
end of the phage chromosome (Figure 5-9a). Before the chromosome is replicated,
complementary overhangs will base-pair and the DNA is ligated into a circular molecule (Figure
5-9b). A polymerase travels around the circular chromosome and produces linear concatemers up
to ten genomes in length (123). Overhangs are created when the large terminase identifies a
specific cos site in the concatemer, starts packaging the DNA, and cleaves the DNA when the
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next cos site appears (Figure 5-9c). The terminase cuts precisely at the cos site each time and
packaging occurs with exactly one genome-length sequence in each phage capsid.

Figure 5-9. Physical structure, circularization, and packaging mechanism of a phage with
cohesive ends. (a) Structure of DNA inside phage virion before infection. Phages with cohesive
ends can have 3’ or 5’ overhangs. (b) Shortly after infection, the sticky ends are ligated. The
chromosome is replicated via rolling circle replication during the lytic phase. (c) Exactly one
genome length is packaged into each phage capsid. The terminase protein cuts at the cos site,
leaving 5’ or 3’ overhangs.

Phages with cohesive ends occasionally produce a distinctive pattern in read coverage at
the cos site. To identify an area to search for this pattern, we first determine the location of the
large terminase gene using BLASTX and an Entrez query of “terminase.” The cos site is often
near the terminase genes. Chromosomes of phages with cohesive ends do not contain any
repeated elements like phages that have exact DTRs or are circularly permuted and may or may
not generate an artificially circular sequence. However, the ends of a few sequenced
chromosomes can be ligated together producing reads that go from one end of the genome to the
other. This relatively rare ligation event results in a sudden drop in fold coverage over the precise
location of the cos site (4-19 base pairs) (Figure 5-10). The lower-coverage cos site will also be
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flanked by many reads that begin or end at an identical location immediately flanking the cos
site. If this coverage drop at the cos site is identifiable, the ends of the phage genome in Consed
will show reads that run off one end of the genome and coincide with bases at the other end if the
genome is complete (Figure 5-11). If the genome ends don’t show any reads wrapping around, it
is likely that the cohesive ends were not sequenced. In this case, the returned assembly likely
spans one cohesive end to the other and does not actually include the overhang sequence on
either end. At this point, it is possible to design PCR primers that will identify the sequence of
these ends (46).

Figure 5-10. Consed visualization of cos overhang sequence. Consed shows a sharp drop in
coverage over the 3’ overhang in Mycobacterium phage Atkinbua.
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Figure 5-11. Consed visualization of wrap-around reads. The assembled contig for
Mycobacterium phage Girly (http://phagesdb.org) contains reads that wrap around the ends of
genome. The highlighted sequence to the left of the genome start (a) is the same as the last few
base pairs at the end of the genome (b).
The chromosomes of free virions that use headful packaging have a direct terminal repeat
sequence on each end but these sequences vary among progeny phages; i.e., these repeats are not
exact (Figure 5-12a). The phage chromosomes circularize using homologous recombination
(Figure 5-12b) and are replicated in linear concatemers. The terminase protein recognizes a
specific site on the DNA called the pac sequence. The terminase cuts at or often near the pac site
and begins inserting the first genome-length of the concatemer into a capsid until the capsid is
full (Figure 5-12c) and packages more than one genome-length (102-110%) into each capsid.
Unlike phages with exact DTRs that package the exact same sequence in each virion, phages that
use headful packaging are unlikely to produce two virions that have the same sequence length
starting and ending at the same location. Because slightly more than a genome-length is
packaged, the first DNA base packaged in a given capsid can theoretically be any base in the
genome and progeny virion chromosomes are circularly permuted.
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Figure 5-12. Physical structure, circularization, and packaging mechanism of a phage that
uses headful packaging. (a) This figure represents the first phage chromosome packaged from a
linear concatemer. The DNA inside the phage virion before infection has a similar DNA
sequence at both ends. The repeat sequences at the ends of each chromosome vary from phage to
phage. The bracket indicates exactly one genome-length (from one pac sequence to the next). (b)
After infection, the ends undergo homologous recombination to form a circular DNA molecule
that contains exactly one genome-length and one pac site. A linear concatemer is generated via
rolling circle replication. (c) Beginning at the pac site, the terminase inserts the DNA into the
capsid. The terminase creates imprecise cuts after slightly more than one genome length is
packaged into the capsid, generating a repeated sequence at each end. Thus, the position of the
pac site varies in each subsequent virion.

Phages that have circularly permuted DTRs due to headful packaging will always show
reads that run off one end of the genome when sequenced completely. These wrap-around reads
contain bases coinciding with the other end of the genome (Figure 5-11). If PAUSE shows
consistent read depth throughout the genome, wrap-around reads are identified by Consed, no
putative exact DTR repeat regions are identified, and there are no sudden drops in coverage near
the large terminase gene indicative of cohesive ends (Figure 5-10), then the phage is likely
circularly permuted and uses headful packaging.
Phages rely on terminase proteins to identify replicated phage chromosomes from among
the other DNA inside of the host. Terminases package phage chromosomes into phage capsids
and cut concatemers into genome-sized lengths. The role of the terminase varies depending on
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the packaging mechanism. Therefore, terminases with similar amino acid sequences usually
package DNA using similar mechanisms and create similar physical ends (118, 119).
Phylogenetic analysis has been used to gain additional insight into the packaging strategies of
novel or poorly-studied phages (124-126) and is one way to predict the type of ends, including
whether a phage has host ends. Analysis of large terminase proteins from phages listed in
Supplementary Table S8-1 indicate that large terminases with similar packaging strategies tend
to clade together (Figure 5-6). Casjens and Gilcrease reported packaging strategies based on
phylogenetic analysis and defined 11 groups: 5’ cos (Lambda, P2); 3’ cos (HK97), headful (P2,
Sf6, T4, 933W, GTA), host ends (Mu and D3112), and short DTRs (T7) (118). Here, we propose
five additional groups based on phylogenetic and Phamerator analysis: short DTRs (N4, C-st);
headful (phiPLPE, phiKZ); and long DTRs (SPO1).
There are several considerations in making a phylogenetic tree containing large
terminases. Although large terminases are well-conserved and are even similar among phages
that infect different hosts, the overall diversity of large terminases is often too great to reliably
analyze them all in one phylogenetic tree. This diversity causes instability of the branches and
nodes as additional sequences are added. When adding a large terminase protein to a
phylogenetic tree, some stability can be maintained by also including related BLAST hits.
Read pileups, wrap-around reads, changes in coverage density, and terminase
phylogenies can guide researchers in making the appropriate “base one” call prior to publication
or to designing wet lab experiments to verify the phage ends and packaging strategies. Exact
DTRs in phages can be annotated (127) and these genomes are generally published with one
repeat sequence on each end (108).
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The complementarity of the genome is considered when making a base one call for
phages that have exact DTRs, have host ends, or use protein-primed replication. For phages with
cohesive ends, 5’ overhangs are placed at the beginning of the published genome, and 3’
overhangs are placed at the end. Base one calls for circularly permuted phages are more
complicated because software-based methods cannot yet identify the pac sequence or pac
fragment by looking at changes in coverage. Wet lab methods can occasionally identify the pac
fragment as a piece of DNA that spans between the origin of replication and the site where the
terminase makes the first cut. Because the large terminase protein is responsible for identifying
and cutting at the pac site, the sequence of the pac site and the sequence of the large terminase
protein often lie very close to each other, with the pac site often just upstream of the large
terminase protein (118). We typically determine base one calls in circularly permuted phages at
or just upstream of the large terminase gene with the large terminase gene in the forward
direction. Standardizing base one call methods for all phage types, especially for circularly
permuted phages, will facilitate comparison of phage genomes and easier identification of
homologs.
Although the analyses we describe of high-throughput data can give a good indication of
the packaging strategy and the physical ends of the phage chromosome, the data may not always
provide a definitive answer. For instance, at least two packaging mechanisms are known produce
linear chromosomes with no wrap-around sequences, exemplified by phage Mu and phage phi29.
Such packaging strategies may be difficult to distinguish from phages with cohesive ends that do
not generate artificially circular sequences. Phage Mu inserts copies of its DNA into the host
chromosome via replicative transposition (128). When Mu DNA is excised from the host
chromosome prior to being packaged, segments of the host chromosome become the ends of the
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linear phage DNA. Each segment of DNA packaged into a progeny phage contains different ends
since they all came from different parts of the bacterial chromosome. These chromosomes are
circularized (129) but never produce artificially circular genomes when sequenced. Phages like
Bacillus phage phi29 also circularize in the host but have a protein covalently linked to each end
that serves to prime DNA replication (130). Phages with host ends or terminal proteins do not
generate artificially circular sequences because there is no repeated sequence at the phage ends.
Raw sequencing data may rule out cohesive ends, headful packaging, and exact DTRs without
confirming whether a phage has host ends or covalent terminal proteins. Wet lab experiments,
similarity to previously sequenced and characterized phages, or comparison of large terminase
proteins are necessary to verify whether phages have host ends or covalent terminal proteins
(118).
A custom Phamerator database can be used to identify packaging strategies based on the
large terminase protein
Using Phamerator, phamily circles (introduced in Figure 5-3) can be created for each
phamily in the database and are also a useful tool for identifying packaging strategies. As
discussed above, gene products are included in phamilies if they have a sufficiently high E-value
or percent identity with at least one other gene product in the phamily. If the requirements for
inclusion in a pham are stringent (similar to the default parameters), two terminases in the same
pham likely use the same packaging strategy. If a particular phage contains a gene product
belonging to the pham, then the gene number is listed next to the phage name (Figure 5-13). As
described previously, ClustalW and BLASTP relationships are indicated by connecting blue and
red lines, respectively (Figure 5-13a), except where phamily building parameters fall below
32.5% and 1e-50. In this case, gene product numbers will be listed next to proteins in a pham but
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no connecting lines will be drawn (see Figure 5-13b). In this database, the large terminases of
phages using the same packaging strategy grouped into phamilies that contained no other
members as represented by the lack of any line connecting phages of different clusters (clusters
were intentionally pre-assigned by packaging strategy). Figure 5-13c depicts the relationships of
all phamilies containing large terminase proteins by overlaying fifteen phamily circles generated
by Phamerator on top of each other (the Phamerator database used in this analysis can be
downloaded from http://phagehunters.byu.edu/Phamerator).
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Figure 5-13. Phamily circles indicate relationships of large terminase proteins. Clusters (A1F2) were intentionally set to group phages with similar packaging strategies together. (a) Pham
323 contains only three large terminase proteins. The three phages that encode these terminases
belong to cluster E4, which includes phages that use headful packaging (Sf6) (131, 132). (b)
Pham 2966 contains only three large terminases. The three phages that contain these terminases
belong to cluster C3, which includes phages that have short exact DTRs (C-st). These proteins
meet the cutoff parameters to be included in pham 2966, but do not meet the parameters required
to draw connecting lines (see Figure 5-13a). (c) An overlay of 15 pham circles represents large
terminase proteins for every phage in the database. This circle indicates that large terminases
grouped into the same pham belong to phages that use the same packaging strategy. In this
database, no terminases were grouped with terminases belonging to phages that use a different
packaging strategy. Gene products connected by red lines have an E-value of less than 1e-50.
Gene products connected by blue lines share more than 32.5% identity.
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Conclusions
Our modifications to Phamerator combined with new documentation for setting up
custom databases and troubleshooting errors make this powerful software widely available and
user-friendly. We plan to release additional updates to Phamerator that will add new features and
resolve persistent problems, including: display of pham circle relationships using parameters
identical to those used to build phamilies, display of pham tooltips when the map alignment is
changed, display of pham circles when no phages are assigned to the singleton cluster, and
display of phage tRNAs on the linear genome map.
Using the techniques we described, high-throughput sequencing data can be used to
determine packaging strategies and physical ends of phage chromosomes. Understanding the
principles of phage genome packaging and utilizing phage genome comparison software will
lead to informed decisions when publishing phage genomes, standardizing phage genome
submission. Because phage genomes are being added to GenBank at a rapid rate, publishing
them in a consistent manner will allow straightforward phage characterization and comparison
using Phamerator and other programs.
Methods
Accession numbers for the 43 phage genomes and large terminase proteins used in this
paper are listed in Supplementary Table S8-1. We downloaded bacteriophage genomes in
GenBank format from NCBI and used them to build a Phamerator database according to the
instructions found in Appendix F – Phamerator Instructions. Phage gene products in these
genomes were compiled into a pham if they shared a BLASTP E-value of 1e-35 or less or 32.5%
identity as computed by ClustalO with at least one other gene product in the pham. The
phylogenetic tree of 43 large terminase proteins was computed using the neighbor-joining
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method using ClustalX (113) with a bootstrap value 1000 and was displayed using Dendroscope
(133).
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6. CONCLUSION
The diversity of bacteriophages continues to provide valuable biological insights
especially with regard to pathogens of honeybees. In this study, the first bacteriophages infecting
the Brevibacillus genus are characterized. Using molecular and phage infection data, the field
isolates previously characterized as Paenibacillus larvae are now known to be Brevibacillus
laterosporus. Similarly, the five phages characterized previously as P. larvae phages are now
believed to be B. laterosporus phages (58, 59). A comparative genomics study of five B.
laterosporus phages shows that structural genes are similar to phages infecting other Firmicutes,
but that little other genetic similarity exists with P. larvae phage phiIBB_Pl23 or any other
phages characterized at the time. All known Brevibacillus phages except for two singletons can
be grouped into two clusters based on structural and sequence similarity. P. larvae field isolates
can be effectively grouped based on phage infection patterns. The isolation and characterization
of 38 new P. larvae phages together with detailed host range data can serve as a model for future
phage typing studies and can effectively characterize additional P. larvae strains.
The program Phamerator is a powerful phage comparative genomics tool that initially
could only be used to view existing databases, making it unavailable for use for phage
researchers wishing to compare custom datasets. Modifications to the Phamerator code and a
detailed instruction manual has allowed researchers at eight different institutions to use
Phamerator to build custom phage databases and perform comparisons. Phamerator becomes
more powerful when phages being analyzed are imported with similar genome orientation and
complementarity. Because these parameters vary widely for even highly similar phages in
GenBank, methods are needed to standardize the orientation and complementarity of phages
based on actual physical attributes. High-throughput sequencing data was used to identify
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whether phages had cohesive ends, had direct terminal repeats, or were circularly permuted. This
knowledge will allow future phage researchers to publish genomes in a manner consistent with
the physical properties of the phage and will promote consistency in future research endeavors.
This work provides a foundation for research involving Paenibacillaceae phages and
significant improvements in the field of phage genomics. A deeper understanding of phages for
two honeybee bacterial pathogens will help uncover alternative treatments to improve honeybee
health worldwide.
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Appendix A - Supplementary Tables

Supplementary Table S8-1. Phages and large terminase proteins in Phamerator database.

Supplementary Table S8-2. P. larvae and other bacteria isolated from AFB samples.
Sample ID

Sample origin

PL301a
PL302
PL303
PL304
PL305
PL306
PL307
PL308
PL309
PL310
PL311
PL312
PL313
PL314
PL315
PL316
PL317
PL318
PL319
PL320
PL321
PL322
PL323
PL324
PL325
PL326
PL327
PL328
PL329
PL330
PL331
PL332
PL333
PL334
PL334a
PL335
PL336
PL337
PL338
PL339
PL341
PL343
PL344
PL345
PL346
PL347
PL348a
PL348b
PL349
PL350
PL351
PL352
PL353
PL354
PL355
PL356-1
PL356-2
PL356-3
PL356-4
PL356-5
PL356-6

Turkey
Alpine, UT
Alpine, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Eden, UT
Eden, UT
Lehi, UT
Lehi, UT
Eden, UT
Eden, UT
Lehi, UT
Lehi, UT
Lehi, UT
Lehi, UT
Moroni, UT
Moroni, UT
Moroni, UT
Moroni, UT
Moroni, UT
Moroni, UT
Moroni, UT
Murray, UT
Orem, UT
Orem, UT
Moroni, UT
Moroni, UT
Moroni, UT
Moroni, UT
Moroni, UT
Moroni, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Moroni, UT
Salt Lake City, UT
Holladay, UT
Alpine, UT
Alpine, UT
Alpine, UT
Alpine, UT
West Jordan, UT
West Jordan, UT
Bluff, UT
Bluff, UT
Bluff, UT
Bluff, UT
Syracuse, UT
Syracuse, UT
Syracuse, UT
Syracuse, UT
Syracuse, UT
Syracuse, UT

KAT positive
(— if not
tested)
Yes
Yes
Yes
Yes
Yes
—
Yes
Yes
Yes
—
Yes
Yes
Yes
Yes
Yes
—
Yes
—
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
—
—
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
—
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Trimmed 16S
rRNA length (if
sequenced)
657 bp
528 bp
642 bp
720 bp
251 bp
735 bp
577 bp
456 bp
356 bp
37 bp
529 bp
533 bp
448 bp
532 bp
294 bp
721 bp
529 bp
639 bp
634 bp
602 bp
388 bp
626 bp
522 bp
250 bp
448 bp
569 bp
65 bp
518 bp
210 bp
712 bp
707 bp
248 bp
643 bp
696 bp
335 bp
691 bp
640 bp
502 bp
462 bp
501 bp
544 bp
801 bp
346 bp
130 bp
438 bp

Bacterial species

Archived?

P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae
P. larvae

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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Tested for
susceptibility to P.
larvae phages?
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Sample ID

Sample origin

PL356-7
PL357-1
PL357-2
PL357-3
7
10b
11
16
37a
40
40a
45a

Syracuse, UT
Idaho, USA
Idaho, USA
Idaho, USA
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Eden, UT
Taylorsville, UT
Taylorsville, UT
Taylorsville, UT
Salt Lake City, UT

KAT positive
(— if not
tested)
Yes
Yes
Yes
Yes
—
—
—
—
—
—
—
—

Trimmed 16S
rRNA length (if
sequenced)

467 bp
64 bp
37 bp
107 bp
412 bp
721 bp
412 bp
263 bp

Bacterial species

Archived?

P. larvae
P. larvae
P. larvae
P. larvae
Virgibacillus sp.
Brevibacillus sp.
Lysinibacillus sp.
Rumellibacillus sp.
Staphylococcus sp.
Streptococcus sp.
Rothia sp.
Micrococcus

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

114

Tested for
susceptibility to P.
larvae phages?
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No

Supplementary Table S8-3. P. larvae phages isolated.
Phage name

Sample origin

Structural morphology
(all phages were
siphoviruses)

Bacteria
used for
isolation

304C - Ash
310C - Ley
345 multi
7C
A
AA
BN-12
C1.1
C1.2
C2-L
C2-M
J1
J2-1
J2-2
J3-1
J3-2

Prophage of PL304, 307, 309, or 310
Prophage of PL304, 307, 309, or 310
Prophage of PL345
Prophage of PL304, 307, 309, or 310
Saratoga Springs, UT
Saratoga Springs, UT
Cedar City, UT
Prophage of 301a, 303, 312, 336, or 345
Prophage of 301a, 303, 312, 336, or 345
Prophage of 301a, 303, 312, 336, or 345
Prophage of 301a, 303, 312, 336, or 345
Farmington, UT
West Haven, UT
West Haven, UT
South Weber, UT
South Weber, UT

PL304
PL310
PL345
PL307
ATCC 9545
ATCC 9545
PL304
PL345
PL336
PL345
PL345
PL312
PL312
PL312
PL312
PL312

J5.1
J6-1.1

South Ogden, UT
North Ogden, UT

PL345
PL345

31
41

J6-1.2

North Ogden, UT

PL345

22

J7
J9.1
J10
J12-1
J12-2
JH
JS

Marriott-Slaterville, UT
Salt Lake City, UT
South Jordan, UT
Brigham City, UT
Brigham City, UT
Farmington, UT
Murray, UT

PL312
PL345
PL312
PL312
PL312
ATCC 9545
ATCC 9545

22
11
44
16
3
12
4

KE
KH
PBL0.5
PBL1c
SC
W1.1
W3-1.1
W3-1.2
W3-2.1
W3-2.2
W5.1
W5-1.1
W5-1.2
W5-2

Orem, UT
West Jordan
(Received from Dr. Douglas Dingman)
(Received from Dr. Douglas Dingman)
Lehi, UT
Wisconsin, USA
Wisconsin, USA
Wisconsin, USA
Wisconsin, USA
Wisconsin, USA
Wisconsin, USA
Wisconsin, USA
Wisconsin, USA
Wisconsin, USA

Icosahedral capsid
Not yet imaged
Icosahedral capsid
Not yet imaged
Prolate capsid
Not yet imaged
Icosahedral capsid
Not yet imaged
Icosahedral capsid
Icosahedral capsid
Icosahedral capsid
Icosahedral capsid
Prolate capsid
Icosahedral capsid
Icosahedral capsid
Inconclusive (both
siphoviruses present)
Prolate capsid
Inconclusive (both
siphoviruses present)
Inconclusive (both
siphoviruses present)
Icosahedral capsid
Icosahedral capsid
Prolate capsid
Prolate capsid
Prolate capsid
Not yet imaged
Inconclusive (both
siphoviruses present)
Icosahedral capsid
Prolate capsid
Not yet imaged
Prolate capsid
Prolate capsid
Icosahedral capsid
Not yet imaged
Prolate capsid
Prolate capsid
Prolate capsid
Not yet imaged
Icosahedral capsid
Not yet imaged
Icosahedral capsid

# of PL
field
isolates
infected
49
48
45
50
1
0
55
22
40
24
23
24
9
24
21
37

ATCC 9545
ATCC 9545

22
10
21
4
10
29
17
20
38
20
14
14
14
21
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ATCC 9545
PL345
PL345
PL345
PL345
PL345
PL345
PL345
PL345
PL345

Appendix B - Supplementary Figures

Supplementary Figure S8-1. Phylogenetic tree of 16S rRNA gene sequences from P. larvae
field isolates and related bacteria. This maximum likelihood phylogenetic tree was computed
using MEGA6. The 16S rRNA gene sequence from S. aureus was included as the outgroup. The
scale bar represents 0.02 nucleotide substitutions per site.
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Supplementary Figure S8-2. P. larvae siphoviruses with icosahedral capsids. (A) 304C –
Ash, (B) 345 multi, (C) BN-12, (D) C1.2, (E) C2-L, (F) C2-M, (G) J1, (H) J2-2, (I) J3-1, (J) J7,
(K) J9.1, (L) KE, (M) W1.1, (N) W5-1.1, (O) W5-2.
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Supplementary Figure S8-3. P. larvae siphoviruses with prolate capsids. (A) A, (B) J2-1, (C)
J5.1, (D) J10, (E) J12-1, (F) J12-2, (G) KH, (H) PBL1c, (I) SC, (J) W3-1.2, (K) W3-2.1, (L)
W3-2.2.
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Appendix C – Brevibacillus Raw Sequence Data
Appendix C.1 - Brevibacillus 16S rRNA gene sequences
>BL1_16S_970bp
ANGNTNCGNTTCATGTAGGCGAGTTGCAGCCTACAATCCGAACTGAGATGGTTTTAGAGATTANATCT
TCTCGCGAAGTAGCATCCGTTGTACCAACCATNTAGCACGTNNGTAGCCCGGTCATAAGGGCATGATG
ATTTGACGTCATCCCGCCTCCTCCGTCTTGTCGACGGCAGTCTCNTCTAGAGNGCCCAACTGAATGCTG
GCAACTAAAGATTAAGGGTTGCGCTCGTTGCGGGACCTAACCCAACATCTCACGACACGAGCTGACGA
CAACCATGCACCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGT
CAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCC
GTCAATTCCTTTGAGTTTCACTCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGG
CACTAAGGGTATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTA
ATCCTGTTTGCTCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTG
GTGTTCCTCCACATCTCTACGCATTTCACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAG
CTACGCAGTTTCCAATGCGAACCGAGGTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACCTG
CGCGCGCTTTACGCCCAATAATTCCGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGT
AGTTAGCCGTGGCTTTCTCGTTAGGTACCGTCAAGGCGCCATCTTATTTAAATGGCACTGTTTCTTNCC
TAACAACAGAACTTTACGACCCGAAAGCCTTCATCGTTCACGCGGCGTGCTCCATCAGACTTCGTNNA
CCGGCACCGCC
>BL2_16S_1253bp
AGCCTACAATCCGACTGAGATTGGTTTTAAGAGATTAGCATCTTCTCGCGAAGTAGCATCCCGTTGTAC
CAACCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCGCCTTC
CTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACTAAAGATAAGGGTTG
CGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCTGTCAC
CACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACCTGGTAAGGTTCTTC
GCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAC
TCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACTAAGGGTATTGAAACCC
CTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCT
TTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACG
CATTTCACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAGCTACGCAGTTTCCAATGCGAA
CCGAGGTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACCTGCGCGCGCTTTACGCCCAATAA
TTCCGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTGGCTTTCTCGT
TAGGTACCGTCAAGGCGCCATCTTATTCAAATGGCACTGTTTCTTCCCTAACAACAGAACTTTACGACC
CGAAAGCCTTCATCGTTCACGCGGCGTTGCTCCATCAGACTTTCGTCCATTGTGGAAAATTCCCTACTG
CTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGGTCACCCTCTCAGGTCGGCTAC
GCATCGTCGCCTTGGTGAGCCTTTACCTCACCAACTAGCTAATGCGCCGCAGGCCCATCTGCAAGTGAT
AGCTTGCGCCATCTTTCCGTTTCGCTTCATGCGAAGCAAAACTCTATCCGGTATTAGCATAAGTTTCCC
TATGTTATCCCAGTCTTACAGGCAGGTTGCCTACGTGTTACTCACCCGTCCGCCGCTAGGGTCCGAAAA
CCCTCGCTCGACTTGCA
>BL3_16S_993bp
ANNNNGGNNGCCNAGGNNGCCTACAATCCGACTGAGATTGGTTTTAAGAGATTAGCATCTTCTCGCGA
AGTAGCATCCCGTTGTACCAACCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTT
GACGTCATCCCCGCCTTCCTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCA
ACTAAAGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAAC
CATGCACCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAG
ACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCA
ATTCCTTTGAGTTTCACTCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACT
AAGGGTATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCC
TGTTTGCTCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGT
TCCTCCACATCTCTACGCATTTCACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAGCTAC
GCAGTTTCAATGCGAACCGAGGTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACCTGCGCGC
GCTTTACGCCCAATANTTCCGGANAACGCTTGNCACCTACGTATTACCGCGGCTGCTGGCACGTAGTT
NGCCGTGGCTTTCTCGTTAGGTACCGTCAAGGCGCCATCTTATTTAAATGGCACTGTTTCTTCCTAANA
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ACAGAACTTTANGAACCGAAAGCTTNATCGTTCANGCGCGTGCTTCATCANACTTTTCGTCNATTANN
GGAAAAAATCCTACTGCTGCTCCAGAAGAANNTAG
>BL4_16S_997bp
ATNNNTGATACGACTNAGCTACATCCGACTGAGATTGGTTTTAAGAGATTAGCATCTTCTCGCGAAGT
AGCATCCCGTTGTACCAACCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGAC
GTCATCCCCGCCTTCCTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACT
AAAGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCAT
GCACCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACC
TGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATT
CCTTTGAGTTTTCACTCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGGCACTA
AGGGNATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGNGGACTACCAGGGGTATCTAANCC
NGTTTGCTCCCCNACGCTTTNCCNGCCTCAGTGTCAGTTACAGGGCCAGAAAGTNGCCTTCGNCCACT
GGNGTTCCTCCCANATCTCTNCGCATTTTCACCGCTACACGTGGAANACCANTTCCCTCNTCCTGCACT
CAAGCNACGCAGTTTCCNATGCGAACCGGAGGNTTGANCCTCGGGCTTTAACATCAGNACTTNCATNN
CCACCNGCGCGCNGCTTTANNCCCAATAANTCCGGGACAACGCTTGCCACCNANGTANTANCCGCGGC
TGCNGGCACGNAGTTAGCCGNGGCTTTNNCGTTAGGNACGCGTCAAGGCGCCATCTTATTTAAATGGC
ACTGTTTCTTCCCNTAANAACAGAACTTTTACGGACNCGAAAGGCTTTCATCGTTCAGCGGCGATGCNT
CAATCGGANTTTNNNNCNATGNAGAAAAANTCCCNANCGC
>BL5_16S_1010bp
GTGGNNNNGNCTNAGCGTACAATCCGAACTGAGATTGGTTTTAAGAGATTAGCATCTTCTCGCGAAGT
AGCATCCCGTTGTACNAACCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCNTGATGATTTGAC
GTCATCCCCGCCTTCCTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACT
AAAGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCAT
GCACCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACC
TGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATT
CCTTTGAGTTTCACTCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACTAAG
GGTATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTT
TGCTCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGTTCCT
CCACATCTCTACGCATTTCACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAGCTACGCAG
TTTCCAATGCGAACCGAGGTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACCTGCGCGCGCTT
TACGCCCAATAATTCCGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCC
GTGGCTTTCTCGTTAGGTACCGTCAAGGCGCCATCTTATTTAAATGGCACTGTTTCTCCTAACAACAGA
CTTTACGACCGAAGCTCATCGTCACGCGCGTGCTCATCAGACTTCGTCATGNGAAATCCTACTGCGCTC
CAGGNAGGGTCATGTTTCGTNTAGTGNNTAAGTTGATAGGACAANGCCG
>BL6_16S_1177bp
ATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCGCCTTCCTCCGT
CTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACTAAAGATAAGGGTTGCGCTCG
TTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCTGTCACCACTGC
CCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTG
CTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCACTCTTGC
GAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACTAAGGGTATTGAAACCCCTAACA
CCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCG
CCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTC
ACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAGCTACGCAGTTTCCAATGCGAACCGAG
GTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACCTGCGCGCGCTTTACGCCCAATAATTCCGG
ACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTGGCTTTCTCGTTAGGTA
CCGTCAAGGCGCCATCTTATTCAAATGGCACTGTTTCTTCCCTAACAACAGAACTTTACGACCCGAAAG
CCTTCATCGTTCACGCGGCGTTGCTCCATCAGACTTTCGTCCATTGTGGAAAATTCCCTACTGCTGCCTC
CCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGGTCACCCTCTCAGGTCGGCTACGCATCGT
CGCCTTGGTGAGCCTTTACCTCACCAACTAGCTAATGCGCCGCAGGCCCATCTGCAAGTGATAGCTTGC
GCCATCTTTCCGTTTCGCTTCATGCGAAGCAAAACYCTATCCGGTATTAGCATAAGTTTCCCTATGTTA
TCCCAGTCTTACAGGCAGGTTGCCTACGTGTTACTCACCCGTCCGCCGCTAGGGTCCGAAAACCCTCGC
TCGACTGC
>BL7_16S_989bp
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GAGCNGCGNCTNAGCTACATCCGAACTGAGATTGGTTTTAAGAGATTAGCATCTTCTCGCGAAGTAGC
ATCCCGTTGTACCAACCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTC
ATCCCCGCCTTCCTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACTAAA
GATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCA
CCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACCTGG
TAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCT
TTGAGTTTCACTCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACTAAGGGT
ATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGC
TCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGTTCCTCCA
CATCTCTACGCATTTCACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAGCTACGCAGTTT
CCAATGCGAACCGAGGTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACCTGCGCGCGCTTTA
CGCCCAATAATTCCGGACAACGCTTGCCACCTACGTATACCGCGGCTGCTGGCACGTAGTTAGCCGTG
CTTTCTCGTTAGGTACCGTCAAGCGCATCTTATTTAATGGCACTGTTTCTTCCCTACACAGACTTACGAC
CGAAAGCTCATCGTCANGCGCGTGCTCATCAGACTTTCGNTCATNTGAAATCCCTACTGCTGCNAGTN
GATATCGCTTCNAAGNNNGAAACGTNTGA
>BL8_16S_966bp
GGGGNNTCGGNCNNAGCTACAATCCGACTGAGNTGGTTTTAAGAGATTAGCNTCTTCTCGCGAAGTAG
CATCCCGTTGACNAACNATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTC
ATCCCCGCCTTCCTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACTAAA
GATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCA
CCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACCTGG
TAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCT
TTGAGTTTCACTCTTGCGAGCGTATTCCTCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACTAAGGGT
ATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGC
TCCCCACGCTTTCNNCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGTTCCTCC
ACATCTCTACGCATTTCACCGCTACACGTGGAATACCACTTTCTTCTCCTGCACTCAAGCTACACAGTT
TCCAATGCGAACCGAGGTTGAGCCTCGGGCTTTAACATCANACTNACATAGCCACCTGCGCGCGCTTT
ACGCCCAATAATTCCGGACAACGCTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGT
GGCTTTCTCGTTAGGNNCGTCAGGTGCTACCTTATTTAAATAGCACTGTTTCTTCCCTAACACAGAACT
TTACGACCGAAGCTTCATCGTCACGCGCGTTGCTCATCAGACTNTNNACNATAGNGGAAAATTCCTAC
TGCTGCT
>BL9_16S_957bp
CAANATGNGNGTNAGCCTACATCCGAACTGAGATTGGTTTTAAGAGATTAGCATCTTCTCGCGAAGTA
GCATCCCGTTGTACNAACCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACG
TCATCCCCGCCTTCCTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACTA
AAGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATG
CACCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACCT
GGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTC
CTTTGAGTTTCACTCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACTAAGG
GTATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTT
GCTCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGTTCCTC
CACATCTCTACGCATTTCACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAGCTACGCAGT
TTCCAATGCGACCGAGGTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACTGCGCGCGCTTTAC
GCCCAATATTCCGGACAACGCTTGCCACCTACGTATTACCGCGCTGCNGGCACGTAGTTAGCCGTGGC
TTTCTCGTTAGGTACCGTCAAGGNGCATCTTATTCAATGGCACTGATTCTTCCTAACACAGACTTTACG
ACCGAAGCTTCATCGTCACGCGGCGTTGCTCATCGAANTTNNATNCAATGNNGNAAATTNCGNAC
>BL10_16S_898bp
GGGANGNCGGGTCAGCTACATCCGACTGAGATTGGTTTTAAGAGATTAGCATCTTCTCGCGAAGTAGC
ATCCCGTTGTACCAACCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTC
ATCCCCGCCTTCCTCCGTCTTGTCGACGGCAGTCTCTCTAGAGTGCCCAACTGAATGCTGGCAACTAAA
GATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCA
CCACCTGTCACCACTGCCCCGAAGGGAAGCTCTATCTCTAGAGCGGTCAGTGGGATGTCAAGACCTGG
TAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCT
TTGAGTTTCACTCTTGCGAGCGTACTCCCCAGGCGGAGTGCTTATTGCGTTAGCTGCGGCACTANGGGT
ATTGAAACCCCTAACACCTNGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGC
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TCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGGTGTTCCTCCA
CATCTCTACGCATTTCACCGCTACACGNGAATACCACTTTTCCTCTCCTGCACTCAGNTACGCAGTTTC
CAATGCGAACCGNGGTTGGAGCCTNGGGCTTTNACATCAGACTTACATAGCCACCTGCGCGCGCTTTA
NGCNCAATAATTCCGGACAACGCTGNCACCTANGGNATTACCGNGGCNNNTGGCACGAAGTTAGNCC
GGNGGCTTNNNCGTTGGTNCNGCGNAGCGCCNNNTTATTNAANNGGANNGTNTNNTTNCCGAANAAA
AGANAATTTA
>BL14_16S_511bp
ACTAAGGGTATTGAAACCCCTAACACCTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAA
TCCTGTTTGCTCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGGCCAGAAAGTCGCCTTCGCCACTGG
TGTTCCTCCACATCTCTACGCATTTCACCGCTACACGTGGAATACCACTTTCCTCTCCTGCACTCAAGCT
ACGCAGTTTCCAATGCGAACCGAGGTTGAGCCTCGGGCTTTAACATCAGACTTACATAGCCACCTGCG
CGCGCTTTACGCCCAATAATTCCGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTA
GTTAGCCGTGGCTTTCTCGTTAGGTACCGTCAAGGCGCCATCTTATTCAAATGGCACTGTTTCTTCCCT
AACAACASAACTTTACGACCCGAAAGCCTTCATCGTTCACGCGGCGTTGCTCCATCAKACTTTCGTCCA
TTGTGGAAAATTCCCTACTGCTGCCTCCCG
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Appendix C.2 - Brevibacillus PLrpoB sequences
>BL2_PLrpoB_134bp
ATGTGCGCTCTAATGCCTGCAATATTTTTGTTTTTTCCACATCGCCTTCTCTTCCGTACCGGGCTGGCAC
ATATTCATTGTGCATGCCATGCGCGTCTGATTTTGTTTGATTACTGGCTGAAGAAGATATGCCG
>BL6_PLrpoB_138bp
TATGTGCGCTCTAATGCCTGCAATATTTTTGTTTTTTCCACATCGCCTTCTCTTCCGTACCGGGCTGGCA
CATATTCATTGTGCATGCCATGCGCGTCTGATTTTGTTTGATTACTGGCTGAAGAAGATATGCCGTTC
>BL14_PLrpoB_136bp
ATGTGCGCTCTAATGCCTGCAATATTTTTGTTTTTTCCACATCGCCTTCTCTTCCGTACCGGGCTGGCAC
ATATTCATTGTGCATGCCATGCGCGTCTGATTTTGTTTGATTACTGGCTGAAGAAGATATGCCGTT
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Appendix D – Python script for comparing P. larvae infection patterns and host range
#! /usr/lib/env python
import sys
def print_usage():
print "\nUsage:"
print "script.py input.csv output.csv\n"
print "File must be structured as follows:\n"
print "Bacteria\tyes\tyes\tno"
print "Bacteria2\tno\tno\tyes"
print "Bacteria3\tyes\tyes\tyes\n"
if len(sys.argv) != 3:
print_usage()
sys.exit()
file_in = open(sys.argv[1],"r")
file_out = open(sys.argv[2],"w")
final_file_list = []
biglist1 = []
for line in file_in:
line = line.strip()
line = line.split("\t")
biglist1.append(line)
biglist2 = biglist1
header = [' ']
for rowlist1 in biglist1:
header.append(rowlist1[0])
for rowlist1 in biglist1:
sub_list = []
title = rowlist1[0]
sub_list.append(title)
for rowlist2 in biglist2:
count = 0
score = 0
for entry in rowlist2:
if entry == title:
count = count + 1
else:
if entry.lower() == rowlist1[count].lower():
score = score + 1
count = count + 1
else:
count = count + 1
sub_list.append(str(score))
final_file_list.append(sub_list)
file_out.write('\t'.join(header)+'\r\n')
for item in final_file_list:
file_out.write('\t'.join(item)+'\r\n')
file_in.close()
file_out.close()
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Appendix E – Paenibacillus larvae Raw Sequence Data
>PL301a
TAGGCAACCTGCCTGTAAGACCGGGATAACTTGCGGAAACGTGAGCTAATACCGGATAGCTGGTTTCT
TCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTYACTTACAGATGGGCCTGCGGCGCATTAGCT
AGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACAC
TGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAA
GTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGA
ACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGC
CAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGG
CGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTG
AGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCA
GTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGT
>PL302
CGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGA
TGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAG
TGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCA
AGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCG
GGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCAC
GTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAA
CTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAA
CGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL303
CTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAG
GGTGAACGGCCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCT
TCCNGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAG
CTCTGTTGCCAAGGAAGANACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAA
GCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGG
GCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCAC
TGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAG
AGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGC
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGG
GGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL304
GAGCTAATACCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTCACTTA
CAGATGGGCCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCG
ACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTA
GGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATC
GTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGA
AGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAAT
TATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGT
TCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAAT
GCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGC
GAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGT
GTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAAGCA
>PL305
ACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGC
GGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGC
TGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAA
TGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL306
GGATAACTTGCGGAAACGTGAGCTAATACCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGA
CGGGGCAACCTGTCACTTACAGATGGGCCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCA
AGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACT
CCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGA
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GTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCT
GGAATGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGG
GGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAG
CCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATT
CCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCT
ATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTAACACAGTAA
>PL307
TGAGAGGGTGAACGGCCACACTGGGACTGAGACMCGGCCCAGACTCCTACGGGAGGCAGCAGTAGG
GAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGT
AAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAG
AAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTAT
TGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCG
CACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCG
TAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAA
AGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTT
AGGGGTTTCGATACCCTTGGTGCCGAAGTAACACAGTAA
>PL308
TTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGG
TACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTT
GTCCGGAATTATTGGGCGTAAAGCGCGCGCAGKCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTC
AAYCCCGGTTCGCACTGGAAWCTKGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAG
CGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGKCTTTCTGGCCTATAACTGACG
CTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGA
ATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAA
>PL310
CCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAG
GCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAMCCCCGGTTCGCACTGGAAACTGGGAGACTT
GAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACC
AGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGA
TTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGT
GCCGAAGTTAACACAGTAA
>PL311
AGACTTAAGAAACCACCTGCGCGCGCTTTACGCCCAA
>PL312
CGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGA
TGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAG
TGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCA
AGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCG
GGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCAC
GTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAA
CTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAA
CGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAA
>PL313
TCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGAMGGAGCAACGCCGCGTG
AGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCC
TGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGG
GGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAA
GCCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAAT
TCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCT
ATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL314
ATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTG
AGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGG
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AATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCC
GGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGA
AATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGG
CGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTA
GGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL315
ACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTG
ATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGA
GTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGC
AAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCC
GGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCA
CGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATA
ACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA
ACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAAGC
>PL316
GCGCAGGCGGTCTTTTAAGTCTGGTGTTTAARCCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGG
AGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGG
AACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAA
ACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACC
CTTGGTGCCGAAGTTAACACAGTA
>PL317
CGTGAGCTAATACCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCCTGTCA
CTTACAGATGGSCCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTA
GCCGACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGC
AGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTC
GGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACT
TGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCC
GGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACC
CCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGT
GAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGA
GGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGC
TAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAA
>PL318
CGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGA
TGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAG
TGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCA
AGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCG
GGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCAC
GTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAA
CTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAA
CGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAA
>PL319
CTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTWCCAAGGCGACGATGCGTAGCCGACCTGAGA
GGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCCTMCGGGAGGCAGCAGTAGGGAATCT
TCCSCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCT
CTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCC
CCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCG
TAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGG
AAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGA
TGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTG
GGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTT
TCGATACCCTTGGTGCCGAAGTAACACAGTAA
>PL320
GGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGT
GAACGGCCACACTGGGACTGAGACACGGCCCAGACTCTACGGGAGGCAGCAGTAGGGAATCTTCCGC
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AATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTT
GCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGC
TAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAG
CGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGGAAACT
GGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGG
AGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGAG
CAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGAT
ACCCTTGGTGCCGAAGTTAACACAGTA
>PL321
CAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGA
CTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGT
GAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCC
CCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTA
GGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTT
AAGCCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGA
ATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGG
CCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAA
>PL322
CCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTA
GGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTT
TTAAGCCCSGGGGCTKACCTCGGTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGG
AATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTG
GCCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCAC
GCCGTAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAA
>PL323
CTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAG
GGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCTACGGGAGGCAGCAGTAGGGAATCTTC
CGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCT
GTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCC
GGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTA
AAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGGAA
ACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATG
TGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTGGG
GAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTC
GATACCCTTGGTGCCGAA
>PL324
TTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGT
GAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCC
CCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTA
GGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTT
AAGCCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGA
ATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGG
CCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAA
>PL325
ACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGC
GGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGWCSC
TGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTWAACGATGAA
TGCTAGGTGTTAGGGGTTTCGATACCTTGGTGCCGAAGTTAACACAGTA
>PL326
TCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCYCCTGGAGTGACGGTACTTGA
GAAGAAAGCCCCGSCTAACTACGTGCCAGCAGCCGCGGTAATMCGTAGGGGGCAAGCGTTGTCCGGA
ATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAAYCCCG
GTTCGCACTGGAAACTKGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAA
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ATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGAYGCTGAGGC
GCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAG
GTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTAA
>PL327
GGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGT
GAACGGCCACACTGGGACTGAGACACGGCCCAGACTCTACGGGAGGCAGCAGTAGGGAATCTTCCGC
MAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTG
TTGMCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCG
GCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAA
AGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCGGGGCTCAACCCCGGTTCGCACTGGAAAC
TGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTG
GAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGMCCTGAGGCGCGAAAGCGTGGGGAG
CAAACAGGATTAGATACCCTGGTAGTCCACG
>PL328
ATACCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTCACTTACAG
>PL329
GGCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGCCTGAGA
GGGTGAACGGCCACACTGGGACTGAGACACCGGCCCAGACTCTACGGGAGGCAGCAGTAGGGAATCT
TCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAAG
CTCTGTTGCCAAGGAAGAACGMCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAS
CCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGC
GTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCGGGGCTCAACCCCGGTTCGCACTGG
AAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGA
TGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTG
>PL330
TAATACGTAGGGGGCAAGCGTTGTCCGSAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGT
CTGGTGTTTAAGCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGA
AAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGC
TTTCTGG
>PL331
AATACCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTCACTTACAGAT
GGGCCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAAGGCGACGATGCGTAGCCGACCT
GAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGA
ATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAA
AGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAA
AGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTG
GGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCA
CTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTA
GAGATGTGGAGGAACACCAGTGGCGAAGGCGRCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAG
CGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGAKGAATGCTAGGTGTTAG
GGGTTTCGATACCCTTGGTGCCGAAGTAACACAGTAA
>PL332
CCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTCACTTACAGATGGGC
CTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAG
GGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTT
CCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCT
CTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCC
CCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCG
TAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGG
AAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGA
TGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTG
GGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTT
TCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL333
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CCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTC
CACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTA
TAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGT
AAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCTTGGTGCCGAA
>PL334
AACGTGAGCTAATACCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTC
ACTTACAGATGGGCCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGT
AGCCGACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAG
CAGTAGGGAATCTTCCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTT
CGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTAC
TTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTC
CGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAAC
CCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGG
TGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGRCGCTGA
GGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATA
>PL334a
TAGGCAACCTGCCTGTAAGACCGGGATAACTTGYGGAAACGTGAGCTAATACCGGATAGCTGGTTTCT
TCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTCACTTACAGATGGGSCTGCGGCGCATTAGCTA
GTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACT
GGGACTGAGACACGGCCCAGACTCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGT
CTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAAC
GGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCA
GCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCG
GTCTTTTAAGTCTGGTGTTTAAGSCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGT
GTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTG
GCGAAGGCGGCTTTCTGGCCTATAACTGMGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGA
TACCCTGGTAGTCCACGCCGT
>PL335
CGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAG
TAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGKTA
ATACGTMGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGKCGGTCTTTTAAGTCT
GGTGTTTAAGCCCGGGGCTCAAYCCCGGTTCGCACTGGAAWCTKGGAGACTTGAGTGTAGGAGAGGA
AAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCG
>PL336
CCTGCCTGTAAGACCGGGATAACTTGCGGAAACGTGAGCTAATACCGGATAGCTGGTTTCTTCGCATG
AAGAAGTCATGAAAGACGGGGCAACCTGTCACTTACAGATGGGCCTGCGGCGCATTAGCTAGTTGGTA
GGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTGGGACTG
AGACACGGCCCAGACTACTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACG
GAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCA
GGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGC
CGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTT
TAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGG
AGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAA
GGCGGCTTTCTGGCCTATAACTGMCCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCC
TGGTAGTCCACGCCGTA
>PL337
GCCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCGACCTGAG
AGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCTACGGGAGGCAGCAGTAGGGAATCT
TCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCT
CTGTTSCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCC
CCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCG
TAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGG
AAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGA
TGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTG
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GGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTT
TCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL339
ATGGACGAAAGTCTGACGGAGCAAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTT
GCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCCGG
CTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAA
GCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGGAAAC
TGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTG
GAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGA
GCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGA
TACCCTTGGTGCCGAAGTTAACACAGTAA
>PL341
TGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTCCAAGGAAGAACGGCAGGGGAGTAACTGCCCC
GGAGTGACGGTACTTGAGAAGAAAGCCCGGCTACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGG
CAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCC
GGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCA
CGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGCCTATA
ACTGRCCCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA
ACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL343
CAATGGACGAAAGTCTGACGGAGCAMCGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTG
TTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCG
GCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAA
AGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGCCCGGGGCTCAAYCCCGGTTCGCACTGGAAW
CTKGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGT
GGAGGAACACCAGTGGCGAAGGCGKCTTTCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTGGGG
AGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCG
ATACCCTTGGTGCCGAAGTAACACAGTAA
>PL344
GCCCAGACTCTACGGGAGGCAGCAGTAGGGAATCTTMCGCAATGGACGAAAGTCTGACGGAGCAACG
CCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTA
ACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAAT
ACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGG
TGTTTAAGCCCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAA
GTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTT
TCTGGCCTATAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGT
CCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGT
AAGCA
>PL345
TTCGGGAGACGCCAGGTTAGCGGCGGACGGGTGAGTAACACGTAGGCAAMCCTGCCTGTAAGACCGG
GATAACTTGCGGAAACGTGAGCTAATACCGGATAGCTGGTTTCTTCGCATGAAGAAGTCATGAAAGAC
GGGGCAACCTGTCACTTACAGATGGGCCTGCGGCGCATTAGCTAGTTGGTAGGGTAACGGCTTACCAA
GGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTC
CTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAG
TGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAAGGAAGAACGGCCAGGGGAGTAACTGCCCCTG
GAGTGACGGTACTTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGG
GCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCTTTTAAGTCTGGTGTTTAAGC
CCGGGGCTCAACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGAGAGGAAAGTGGAATTC
CACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGRCTTTCTGGCCTAT
AACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTA
AACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACAGTA
>PL346
CGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATGGGCGTAAAGCGCGCGCAGGCGGTCTTTT
AAGTCTGGTGTTTAARCCCGGGGCTCMACCCCGGTTCGCACTGGAAACTGGGAGACTTGAGTGTAGGA
GAGGAAAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAG
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GCGRCTTTCTGGCCTATAACTGWCGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCC
TGGTAGTCCACGCCGTAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTA
ACACAGTA
>PL347
ACACGTAGGCAACCTGCCTGTAAGACCGGGATAACTTGCKGAAACGTGAGCTAATACCGGATAGCTG
GTTTCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTCACTTACAGATGGGCCTGCGG
>PL348b
ACGTAGGCAACCTGCCTGTAAGACCGGGATAACTTGCGGAAACGTGAGCTAATACCGGATAGCTGGTT
TCTTCGCATGAAGAAGTCATGAAAGACGGGGCAACCTGTCACTTACAGATGGGCCTGCGGSGATTAGC
TAGTTGGTAGGGTAACGGCTTACCAAGGCGACGATGCGTAGCCRACCTGAGAGGGTGAACGGCCACA
CTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAA
AGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTKTTGCCAAGGAGA
ACGSCAGGGAGTAACTGCCCCTGGAGTGACGGTACTTGAGAAGAAAGCCCCGSTAACTACGTGCCAGC
AGCCGCGGTAATACGTAGGGGCAAGCGTTGTC
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Appendix F – Phamerator Instructions
This document contains instructions describing how to install a Ubuntu virtual machine,
install Phamerator inside the virtual machine, and use Phamerator to create custom phage
genome databases.
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I.

INTRODUCTION

Computer software is used compare bacteriophage genomes. Phamerator was written by Dr. Steven
Cresawn to analyze Mycobacteriophages that were isolated and sequenced as part of the SEA-PHAGES project
headed by Dr. Graham Hatfull. Phamerator is currently being used to analyze many other kinds of phages.
Phamerator is compilation of Python scripts that runs in Linux Ubuntu. Different scripts import GenBank formatted
phage genomes into an SQL database, perform BLAST and ClustalW computations, group similar gene products
into phamilies, and identify conserved domains in gene products. Each of these scripts records the results in the SQL
database. The user interface reads the database, displays information, and has many forms of data output including
custom sets of genomes, proteomes, linear genome maps, phamily circles, and tables.

To install Phamerator and set up the database, users need to use Terminal, the Ubuntu command-line
interface called Terminal. These instructions will describe how to set up Ubuntu; install Phamerator and the
programs Phamerator needs in order to run; set up the SQL database, import prepared phage GenBank files
sequences, and perform computations on the database; and use the Phamerator graphical user interface to explore
your database.
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II.

HARDWARE REQUIREMENTS

These instructions will work for a computer running Windows, Mac OS X, or a computer running Ubuntu
natively. There are several requirements to setting up Phamerator.
To explore Phamerator databases you will need a computer that has at least 20 GB free on the hard drive,
has at least 4 GB of RAM, and has at least a dual core processor.
Building Phamerator databases requires significantly more hard drive space and computing power. We
recommend a computer with a 64-bit operating system, an i7 processor (or equivalent) and at least 8 GB of RAM.
The time needed to process a database increases exponentially with each phage added to it. If adding conserved
domain data to Phamerator databases, 100 GB of free hard drive space is recommended.
III.

HOW TO SET UP A UBUNTU VIRTUAL MACHINE
Skip this section if the computer is running Ubuntu natively.

1.

Download Ubuntu 14.04 LTS
a. Visit the link http://www.ubuntu.com/download/desktop/
b. Download 64-bit Ubuntu (the top option)

2.

Install the latest version of VirtualBox (or other virtualization software) and create a virtual hard drive

Figure 1 – Screenshot from VirtualBox download page

a.

b.
c.

d.
e.
f.
g.
h.
i.

Download the latest version of Oracle
VirtualBox for your operating system, as well
as the universal extension pack from the
following website.
https://www.virtualbox.org/wiki/Downloads
(see Figure 1)
Install VirtualBox and the extension pack you
downloaded in step 2a, then start VirtualBox.
After VirtualBox opens, Click the blue circular
icon that says “New.” Type a name for your
Figure 2 – Name and operating system of new
new virtual machine (such as “Ubuntu
Virtual Machine
Phamerator”). Choose “Linux” and “Ubuntu (64bit)”. Click “Next.” See Figure 2.
Choose how much RAM your virtual machine will have access to. Give it up to half of what is
installed in the computer. Click “Next.”
Choose "Create new virtual hard drive now", and click “Create.” In the window that pops up, choose
“VDMK (Virtual Machine Disk), and click “Next.”
Choose “Fixed Size,” and click “Next.”
Don’t change the name of the virtual hard drive file, but change the size of the virtual hard drive.
About 20.00 GB will be sufficient if you are only viewing databases or are not adding conserved
domains. Otherwise, choose 80.00 GB . Click “Create.”
To allocate more processor cores to your new virtual machine, choose “Settings,” then “System,” then
the Processors tab.
To enable 3D acceleration, check that option under the “Display” tab.
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3.

Install Ubuntu on your new virtual hard drive
a. Start VirtualBox (if it is not running), click once on your new virtual
machine, and click the “Settings” button at the top. A new window will
open with options on the left like you see in Figure 3.
b. Click "Storage." Click on "Empty" next to the CD logo under Controller:
IDE, then click the CD logo on the right (shown by red arrow in Figure
4). Choose "Choose virtual CD/DVD disk file" and navigate to the
Ubuntu .iso file called “ubuntu-……-desktop-…..iso”. Click “Open.”
Click “Ok.”

c.
d.
e.
f.

Figure 4 – Adding the .iso file to the Ubuntu virtual machine

Click on your virtual machine, and click the “Start” button with the green
arrow.
A new window will pop up, and after a few seconds you will see a list of
languages on the left, an option that says “Try Ubuntu” and an option
that says “Install Ubuntu.” Click on “Install Ubuntu.”
In the next window, click the checkboxes that say “Download updates
while installing” and “Install this third-party software.” Click
Figure 3 – Options found in
“Continue.”
“Settings” menu.
The next step will look like Figure 5. Choose “Erase disk and install
Ubuntu” and click “Continue.”
WARNING – This will NOT erase the hard drive on your computer to install Ubuntu. You are
only installing Ubuntu inside the “virtual hard drive” you created, which is really just a file. You
will NOT lose any of your data by choosing this option.

Figure 5 – Erase disk and install Ubuntu

g.

h.

i.
j.

As Ubuntu is installing, you can enter information about your computer.
i. Enter your location by typing in your city, state, and country.
ii. Choose the English (US)
keyboard layout.
Enter the information displayed in
Figure 6, including your name, a name
for your computer (use no spaces), a
username (lowercase, no spaces), a
password, and choose “Require my
password to log in.” Click “Continue.”
WARNING – Write down your
username and password somewhere in
case you forget it.
Be patient as Ubuntu finishes installing.
When it is done, click “Restart Now.”
When prompted, press “Enter” to finish
restarting the virtual machine.
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Figure 6 - Enter information about your virtual machine

4.

Install the VirtualBox extensions package (Guest Additions)
a. With your virtual machine shut down, navigate to the
universal extension pack and double click on it. Follow
the directions to install it.
b. Start your virtual machine by clicking the “Start” icon
with the green arrow and log in.
c. After you are logged in, click “Devices” at the top menu
and choose “Install Guest Additions.” (See Figure 7)
d. Click “Run” on the box that pops up. Enter your
password in the next box and click “Authenticate” to
install guest additions.
Figure 7 - Install Guest Additions
The box with white text and a purple background
that pops up is called Terminal. This is the window where
most of the functions of setting up Phamerator will be performed.
e. When the guest additions are finished installing the bottom line of text in the Terminal window will
say “Press Return to close this window…” Press the enter key.

5.

Install Ubuntu Updates
a. Click on the “Dash” icon (indicated by the green arrow in Figure 7).
b. Type “Software Updater” and click on it to run it.
c. Install all available updates and restart Ubuntu when prompted.

6.

Learn to use basic Terminal commands
a. Navigate to the “Dash” icon (marked by the green arrow in Figure 7) and type in “Terminal.” Click
and drag the “Terminal” icon and drop it underneath the Folder icon (shown in Figure 8 beneath the
Dash Home icon).
b. Click on the new Terminal icon to launch Terminal.
c. To communicate with the computer through Terminal, you need to use a unique language. Terminal
operates the same way you would operate your computer. Instead of clicking on things, you type
commands into Terminal and press “Enter." Table 1 compares how you perform basic tasks using a
mouse with how you perform those same tasks by typing commands in Terminal.

Task to Perform
Open a folder called “Documents”
Go up a folder level
Display the contents of a folder
Start a program called Phamerator

How to do it on Windows or
Mac OS
Double click on “Documents.”

What you type in Linux (Terminal), then
press “Enter.”
cd Documents
(cd means “Change Directory”)
cd ..
Click the “Back” button
Double click on the folder
ls (ls means list)
Double click on the
Within the folder containing “Phamerator,”
“Phamerator” icon
type ./Phamerator (./ means run)
Table 1. Tasks to perform for setting up Phamerator in Terminal
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IV.
1.

HOW TO INSTALL PHAMERATOR AND OTHER NECESSARY PROGRAMS
Use sudo apt-get to install software from the Internet
a.

To install programs you will enter a command in Terminal (see Figure 8).

Figure 8 – Terminal window with command to install “git”

b.
-

sudo
sudo
sudo
sudo
sudo
sudo
sudo
sudo
sudo
sudo
sudo

The “sudo” argument gives administrator privileges to the command that follows. The password you
are prompted for is the password for the Ubuntu user account you are currently logged into (see step
III-3-h and Figure 6). Your account needs to be an Administrator account for this to work. (To check
or change this, click in the top right corner, choose “System Preferences,” and then “User Accounts.”)
Using this same procedure, install the following programs one at a time by typing the code below and
press Enter. (For best results, install programs sequentially down the left column, and then down the
right column.)

apt-get
apt-get
apt-get
apt-get
apt-get
apt-get
apt-get
apt-get
apt-get
apt-get
apt-get

install
install
install
install
install
install
install
install
install
install
install

git
python
perl
pyro
clustalw
clustalo
curl
perl-doc
python-dev
ncbi-blast+
bazaar

-

sudo
sudo
sudo
sudo
sudo
sudo
sudo
sudo
sudo
sudo

apt-get install python-pygoocanvas
apt-get install python-webkit
apt-get install python-mysqldb
apt-get install mysql-server *
apt-get install python-pip
pip install numpy
pip install biopython
apt-get install python-biopython
apt-get install python-pp
apt-get install blast2

* When installing mysql-server, you will be prompted to enter a root password. Don’t forget this
password!
c.
d.
e.

f.

2.

While installing, you may have to type “y” (for yes) and then press enter.
Outside Terminal, click on the Folder or Filing Cabinet icon (see Figure 8). This is your Home folder.
Inside the Home folder, right-click and choose “Create new folder.” Type “Applications” and press
Enter.
In Terminal, navigate to the “Applications” (cd Applications) folder and type the following
command as it appears below. Then press Enter. This command will download Phamerator from a
website and put a folder called “phamerator-dev” in your “Applications” folder.
- git clone https://github.com/byuphamerator/phamerator-dev.git
Change into the new “phamerator-dev” folder (cd phamerator-dev) and type the following
command. Then press Enter.
- git pull
Each time you prepare to run Phamerator, you should download the latest updates of Phamerator by
navigating to the “phamerator-dev” folder and running the “git pull” command.

Start Phamerator and download BLAST
a. After running a git pull, type cd phamerator to navigate to the “phamerator” folder.
b. Type ./Phamerator and press enter through all of the prompts if there are no databases to load.
c. Phamerator will start running, and ask you if you want to download BLAST. Allow it to do this.
d. Congratulations! Phamerator is now ready to use.
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e.

To run Phamerator, for the username type root, for the password use the same password you used
when you installed MYSQL Server, for the server use localhost if running a database on your own
computer, and for database use the name of the database you want to load.

IMPORTANT NOTE:
In command line, capital letters and lowercase letters are understood to be different. If something doesn’t work,
check to see if you have capital and lowercase letters in the correct places.
V.

HOW TO BUILD A PHAMERATOR DATABASE

To build a Phamerator database containing phage genomes, you will first need to collect the files from
GenBank and put them in a folder within your virtual machine. GenBank files can be generated by DNA Master
((http://cobamide2.bio.pitt.edu/computer.htm) or can they can be downloaded from NCBI (http://ncbi.nlm.nih.gov).
Since Phamerator uses GenBank files to build the phage database, the GenBank files need to include
certain features. If the GenBank files are missing features, they will first need to be processed using DNA Master.
Preparing GenBank files for Phamerator using DNA Master is a complicated process that requires some
troubleshooting, so follow these instructions closely! Specific tips for issues that may arise are covered in section 6f.

1.

Prepare a new SQL database
a. Create a new, blank MYSQL database using the following command in terminal, replacing “testphage”
with the name you want for your database.
- mysql -u root -p -e 'create database testphage'
Press Enter. You will be prompted for a password, which is the password you created when you
installed MYSQL Server (see step IV-1-b). This is the same password you will enter each time you
are prompted throughout the rest of this documentation. –u stands for username, -p prompts for the
password.
Substitute “testphage” with what you want to name your database.
b. If you want to create a MYSQL database on a networked MYSQL server (not on your computer), use
this command:
- mysql -u root -p –h server.univ.edu -e 'create database
testphage'
Substitute “server.univ.edu” with the address of the networked MYSQL server.
The –h argument and the server name can be added to any of the commands described below for
databases hosted on a server.
c. Next we need to customize the blank database for use with Phamerator by first navigating in Terminal
to the “sql” folder of the Phamerator directory. (cd Applications/phameratordev/phamerator/sql/ from the home folder)
d. Enter the following command: mysql -u root -p testphage < db_schema.sql
Substitute “testphage” with the name of the database you created.
GenBank files can now be imported into this database. Proceed to step 2.

To delete databases:
e. Log in to MYSQL using the command mysql –u root –p, press Enter, type the password and
press Enter.
Enter the command: drop database testphage;
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Substitute “smegphage” with the database you want to delete.
To export or back up a database into a single file:
f. Use the following command (type on one line).
- mysqldump –u root -p testphage --default-character-set=utf8
--result-file=testphage.sql
Substitute “testphage” with the name of the database you want to export into a file, and
“testphage.sql” with what you want to call the file. Just make sure it has a “.sql” at the end.
g. You can compress the SQL file so it can be emailed. Right-click on the SQL file and choose
“Compress.”
To Import Phamerator databases from an SQL file:
h. Create a new database (step V-1-a)
i. Import the db_schema.sql file (step V-1-d)
j. In terminal, navigate to the folder where your dumped *.sql file is.
k. Enter the following command.
- mysql -u root -p --default_character_set utf8 testphage <
filename.sql
Substitute “testphage” with the name of the database you created and “filename.sql” with the name of
the SQL file you are trying to import.
2.

Collect GenBank files and determine if they are ready to import into Phamerator
a.

b.

Inside the virtual machine, download GenBank files from NCBI and rename each file with the correct
phage name. If you did not save the files from NCBI in your Ubuntu virtual machine, you can email
the files to yourself, use Dropbox, or click on the VirtualBox “Devices” menu option, go to
“Drag’n’Drop” and choose “Bidirectional” which should allow you to drag files from one desktop to
the other.
Examine each file to see if it is ready to be imported into Phamerator or if it will need modification.
Figure 9 highlights features of the GenBank file that are important to Phamerator.
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LOCUS
DEFINITION
ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

Jimmer1
Jimmer1.

54312 bp

DNA

linear

ENV 25-JAN-2013

ENV.
Jimmer1
Jimmer1
Unclassified.
REFERENCE
1 (bases 1 to 54312)
AUTHORS
Merrill,B.D.
TITLE
Direct Submission
JOURNAL
Submitted (25-JAN-2013)
FEATURES
Location/Qualifiers
source
1..54312
/organism="PL-Jimmer1"
/mol_type="genomic DNA"
/note="complete genome"
gene
26..463
/gene="1"
/locus_tag="JIMMER1_1"
CDS
26..463
/gene="1"
/locus_tag="JIMMER1_1"
/note="Terminase small subunit"
/codon_start=1
/transl_table=11
/product="gp1"
/translation="MKLTPKQQAFADYYIQIGNATEAARKAGYSDKTAKEVGYENLTK
PHIKAYIDERMAVKDAERIASQDEVLEFLTNVMRGKVTEKIPLGLGMGEQGLVKNELQ
GKDRIKAAELIGKRYGLWVEKVNLDGDLAVTIIDDIGVDDEEG"
Figure 9 - Example of a GenBank file containing features that are necessary for Phamerator

PL-Jimmer1 is the organism name. This is the name that will appear in Phamerator as the name of the phage.
However, if there are any spaces between the quotation marks in this area, Phamerator will only import the last word
after the last space and use that as the title of the phage.
IMPORTANT: As you prepare each GenBank file and modify the organism names as necessary, keep track of the
phage names in an Excel spreadsheet with the names in the far left column.
Gene and CDS are necessary for each gene, or protein described by the GenBank file. Occasionally, you will find
GenBank files that do not contain the “gene” feature. If the “gene” feature is missing, then Phamerator will likely
not import the file correctly. You should process the file with DNA Master first. The /gene=“1”, etc. is also critical.
/locus_tag="JIMMER1_1" is one of the most important features in the GenBank file. If you cannot see a
locus tag in the file, then you cannot import it into Phamerator. You will need to use DNA Master (or another
program) to add phage-specific locus tags and then export a new GenBank file.
translation – The first letter inside quotations after the “translation” section should be an “M” for each gene. If
it is not, you may encounter an error in Terminal as you try to import the phage into Phamerator. When you export
files from DNA Master, you must select “Bacterial and Plant Plastid Code.” This results in /transl_table=11
being displayed next to each gene. This helps the phage genome import correctly into Phamerator.
3.

Using DNA Master to prepare GenBank files from NCBI for Phamerator
If GenBank files from NCBI are missing any of the above features they need to be processed using DNA
Master before they can be successfully imported into Phamerator. DNA Master only runs on Windows.
a. Download DNA Master. It can be found at http://cobamide2.bio.pitt.edu/computer.htm. Make sure you
have the most up-to-date version by running DNA Master as an Adminstrator (right click on the icon,
choose “Run as Administrator”). After it starts choose “Help” and then “Update DNA Master.”
b. Paste the accession number for the phage you want to download into the bottom left corner of DNA
Master. Click the red checkmark and then choose “Save.”
c. The /gene= feature of the GenBank file is populated by the information found in the “name” field in
DNA Master and the /locus_tag= feature is populated from the Locus Tag field in DNA Master. You
can automatically reassign gene numbers and locus tags by clicking “Validate”. To reassign both,
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under the “Control” tab leave all boxes except “Label default products…” checked. Type your new
locus tag prefix in the appropriate field. Under the “Numbering” tab, make sure both fields say “1”. If
you don’t want to reassign locus tags, leave only “Assign Names…” checked.
WARNING: Changing gene numbers so they are different than the original ones will make it difficult
to compare gene numbers in Phamerator with gene numbers in the published genome.
d.
e.

f.
g.
h.
i.
j.
k.

Occasionally phage genomes are not numbered sequentially. You may have to edit all of the name and
locus tag fields manually if you wish to preserve the original gene numbers.
Phages are often arranged in a manner that is inconsistent with other similar phagess. If you wish to
rearrange the phage genome so it begins at a new location, go to the top of DNA Master and choose
“Genome”, “Rearrange,” and click on the “Rearrange” tab. Include all annotation except “Original
Coordinates” and type in the base pair where you want the new genome to begin. Make sure this
doesn’t interrupt any genes and click “Rearrange.”
In the new window, uncheck “Assign new locus tags” as well as everything else on the right side of the
window. Leave the checked features checked.
Click “Parse.”
Save the DNA Master file.
You can also reverse-complement the phage genome in a similar manner by choosing “DNA” at the
top of the DNA Master window, click “Convert”, and choose “Complement” and edit the “Parse box
as above.
If any of these steps do not produce the desired results, before rearranging or complementing click on
the “documentation” tab and click “recreate documentation.” You can also do this after rearranging or
complementing.
When your DNA Master file is ready, choose “File” and “Save as DNAM5 file” and save it to a
specific location.

4.

Using DNA Master to import FASTA files, auto-annotate them, and generate GenBank files for Phamerator
a. In the top menu, choose “File”, “Open”, and choose “FastA Multiple Sequence File.” Navigate to your
FASTA file and click “Open.”
b. If you have multiple phage genomes in your FASTA file, click on the one you want to use. In the
bottom right corner, choose “Export” and click “Create sequence from this entry only.”
c. In the DNA Master menu, choose “Genome” and then “Auto-Annotate.” Under the “Tags &
Comments” tab, change the Prefix to the phage name or whatever you want the locus tag prefix to be.
Click “Annotate” and save the resulting DNA Master file.

5.

Using DNA Master to create a GenBank file
a. Before beginning this process, you can choose to hide text in the “notes” box for each gene. To hide all
of these from the resulting GenBank file, click on the small drop-down arrow and choose “Privatize
all.” Everything inside the <private> and </private> designation will not appear in the /notes= section
of the GenBank file.
b. To create the GenBank file, click on the “Tools” menu in DNA Master and choose “Submit to
GenBank.”
c. Click “Add” and navigate to the DNAM5 file you have saved.
d. Under the “Description” tab, the Locus field needs to be no longer than eight characters. It is usually
the accession number. Paste this into the “Accession” field as well.
e. The Genetic Code field should be Bacteria and Plant Plastid code.
f. Under the “Organism” tab, fill in the “Organism” field with the phage name (remember, Phamerator
only imports the last word of whatever is in this field if it contains any spaces) and the Lab Host with
the host of the phage.
g. Under the “References” tab, click “Add.”
h. Under the “Process” tab, check “Export Flat File”, “Include ‘gene’ features”, “Include locus tags”, and
“Restrict to a single reference.”
i. Click “Process single project” and save the resulting GenBank file as (phage_name).gb.fixed or choose
“Process all listed projects” and choose a folder where GenBank files for all phages ready for
processing will be created. All GenBank files to be imported into Phamerator need to end in “.fixed”.
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6.

Import GenBank “fixed” files into Phamerator
A good method for building a Phamerator database is importing one GenBank file at a time into a
“test” Phamerator database. If it works, move the GenBank file to a folder for correctly formatted files. If it
doesn’t work, move it to a folder for incorrectly formatted files. You’ll then need to troubleshoot it and make a
new file using DNA Master. Before you try to import it again, you’ll need to delete the phage from the test
database (step V-6-j) or delete and recreate the database (step V-1-e).
WARNING – Once you import a sequence into Phamerator, sometimes you cannot delete it without
deleting everything in the database. Therefore, if you encounter any of the errors described below, be
sure you really want to import the sequence.
a.

b.
c.
d.

e.
f.

g.

Click on the Folder icon and navigate to the “phamerator-dev” folder. Inside the “phamerator-dev”
folder, create a folder called “importseq,” one called “importseqworked” and one called
“importseqfail.” You will transfer GenBank files one at a time to the “importseq” folder to import into
Phamerator. If it works, it goes to the “importseqworked” folder; if it doesn’t, move it to the
“importseqfail” folder.
Navigate to the folder where your GenBank files are located. The file name will be something like
Jimmer1.gb (or Jimmer1.gbf). Right click on each file and change the file to Jimmer1.gb.fixed.
Transfer one of the *.gb.fixed files to the “importseq” folder.
Open Terminal. Navigate to the “phamerator” directory. This can be done by entering the command:
- cd Applications/phamerator-dev/phamerator
Run the import sequence script by entering the following command and pressing Enter. Phamerator
will ask you whether you want to import all the contents of the folder, so type “y” for yes and press
Enter. Replace testphage with the name of the database you want to receive the GenBank files.
- ./phamerator_manage_db.py -u root -p -s localhost -d testphage -i
../importseq/
You will be prompted for your MYSQL server password (see step IV-1-b).
This is what each part of this command means:
- phamerator_manage_db.py is the program used to import the sequences
- -u tells Terminal the next thing you type is the username. root is the username
- -p tells Terminal to ask for your password
- -s tells Terminal the next thing you type is the server address Use localhost if running a
local database.
- -d tells Terminal the next thing you type is the database name. testphage is the example
database name
- -i tells Terminal the next thing you type is the location of the sequence to import.
../importseq/ tells Terminal to go down one directory import all of the GenBank files in the
folder named “importseq”.
Phamerator will warn you that all phages in the directory you specified (“importseq”) will be imported.
Type “Y” and press Enter to continue.
There are a few errors you may encounter. If you encounter an error, Terminal will ask you whether or
not you want to proceed. Type “n” for no, and press enter and the database should remain unchanged.
If a phage genome is imported and the Phamerator user interface indicates that the genome has zero
genes, delete the phage and try again (step V-6-j). Common errors include:
- Invalid start codon (usually not an issue, just press “Y” and continue importing)
- Translation from GenBank file does not match translation computed by Phamerator (usually not
an issue, just press “Y” and continue importing). This is caused when the translation table is
something other than “Bacterial and Plant Plastid” or /transl_table=11.
- GeneID already in use (the locus tag for this gene is not unique among all genes in the database).
Exit and generate new unique locus tags for this genome using DNA Master
- GeneID truncated (your organism name and locus tag are too long). Shorten one or both using
Find and Replace in the Ubuntu text editor.
After the import process is completed, you will receive a prompt asking you whether you want to
delete the ClustalW and BLAST scores. Type “N” for no and press Enter.
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h.

i.

To see if the GenBank file imported correctly, type ./Phamerator and press Enter. Type in your
username (root), password (your mysql server password), the server address (localhost), and the
database name as prompted by Terminal. If a popup window appears asking you for your password
again, you typed it wrong. Click the red “X” and start Phamerator again.
After Phamerator starts, click on the “Phages” tab on the left. If all of the information is correct, move
the GenBank file from “importseq” to either the “worked” or “failed” folder. Move another GenBank
file into the “importseq” folder, and go to the Terminal window. By pressing the up arrow on your
keyboard, the previous command you used is filled in and you can simply press Enter to import the
next file.

Deleting phage genomes from a Phamerator database:
j. You can use the phamerator_manage_db.py script to delete phage entries from the database that
did not import correctly. You will have to start Phamerator to make sure it was successfully removed.
- ./phamerator_manage_db.py -u root -p -s localhost -d testphage -remove name:TA17A
Substitute “testphage” for your database name and “TA17A” for the name of the phage you are
deleting. Type it exactly as it appeared in the “Phages” tab in Phamerator.
WARNING – When you remove phages a message will tell you that doing so invalidates pham
assignments and prompts you to either erase them “yes” or leave them alone “no.” If you want to
preserve the existing pham numbers, always choose “no.” You can re-run phamBuilder4 later and it
will update and not renumber the phams from scratch.
k. After you have one folder containing all of the fixed GenBank files that have been successfully
imported into Phamerator using your test database, create a new database and import these files (step
V-6-d).
7.

Adding cluster designations to the Phamerator database
a. Cluster designations can be used to group phages based on the host they infect, phage morphology, or
other user-defined characteristics. In the spreadsheet you made of each phage name (Section V-2-b),
assign a cluster in the cell immediately to the right of each phage. Cluster names can be up to 5
characters long and contain only letters and numbers. Phage that are “singletons” that don’t have a
cluster assignment should have “NON” as their cluster. (You will need at least one phage in the NON
cluster or your pham circles will not display).
b. The table will look like this:

Jimmer1 A
Jimmer2 A
Emery
B
c.

d.

To generate the cluster file you will need to import into Phamerator, select the two-column table from
top to bottom and copy it. Paste it into Notepad or a basic text editor. Click “File, Save As…” and type
a file name. Save it as a *.csv file. Place it inside a folder named “cluster” that you create inside the
“phamerator-dev” directory.
In Terminal, navigate to /phamerator-dev/phamerator/plugins and perform the following command.
- ./update_cluster.py -u root -p -s localhost -d testphage -update_cluster ../../cluster/phage_cluster.csv
Substitute “testsphage” with the name of the database you are using and phage_cluster.csv with the
name of your cluster file.
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8.

Starting Phamerator
After adding phages or clusters to the Phamerator database but before performing computations, you can
start Phamerator to make sure the phages imported correctly. You will only be able to access the data in the
“phages” tab until all computation steps are completed.
a. To start Phamerator, navigate (in Terminal) to Applications/phamerator-dev/phamerator.
b. Type ./Phamerator. You will be prompted for username, password, server, and database name.
c. If you are running a local database, you can use “root” for username, the MYSQL server password,
“localhost” for server, and type the name of the database you want to load for “database”.
d. If a popup window appears prompting you to re-enter the password, you typed incorrectly in the
Terminal window. Click on the red “X” and start Phamerator again.

9.

Perform ClustalW computations on the Phamerator database
These computations require a lot of computing power and may take a very long time. Be prepared for this.
ClustalW and BLAST are run using a server-client interaction. One Terminal window (the server) will look
through the database and generate jobs that it will feed to the other window (the client). The client Terminal
window will perform computations and feed the back to the server Terminal window which inserts any
significant results into the Phamerator database. Each “job” compares one gene product to every other gene
product in the database.
a. In terminal, navigate to the “Applications/phamerator-dev/phamerator” directory. Type the following
command and press Enter. The number following –i indicates how many instances of the client you
want to run. Choose 1 for most computers, or 2 for a very fast computer. Make sure the –l True is
actually a lowercase L. Substitute “testphage” for your database.
- ./phamServer_InnoDB.py -u root -p -s localhost -n localhost -d
testphage -i 1 -l True -a clustalw
b.

c.

Open a second Terminal window by right clicking on the Terminal icon and choose “New Terminal
Window”. Navigate to the “Applications/phamerator-dev/phamerator” directory, type the following
command and press Enter.
- ./phamClientOmega.py -u root -p -n localhost
If you specified that you want to run two instances, open a third Terminal window, navigate to the
“Applications/phamerator-dev/phamerator” directory and enter the above command.
WARNING – This process can take a VERY long time. If you need to pause the process and resume a
different time, press Ctrl + C on your keyboard in each client Terminal window first, followed by the
server window and the process will stop. When you start it again, it will pick up where it left off.
When this long process is completed, you will notice that the first window repeatedly displays “No
work units available… Sleeping…” You can safely end the processes in each window using Ctrl + C
and move on to the next step.

10. Perform BLAST computations on the Phamerator database
a. The second process that needs to be run is BLAST. This process also requires multiple terminal
windows (which can be opened by right-clicking on the Terminal icon and choosing New Terminal).
This process also requires some setup. Note that this process does NOT link to the internet or use the
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b.

c.
d.

BLAST feature found on NCBI. It runs locally, comparing only the data found in the database. You
can run as many instances of BLAST as you have processor cores assigned to the virtual machine. For
each instance, you will need to create separate folders in the “phamerator-dev” folder for BLAST data.
Name them blastdata, blastdata2, blastdata3, etc. and make as many as you have cores on the
computer. From within the “phamerator” directory, type the following command in one Terminal
window and press Enter. To change the number of instances, substitute that number for 4 in the
following command.
- ./phamServer_InnoDB.py -u root -p -s localhost -n localhost -d
testphage -i 4 -l True -a blast
In the second window, navigate to “Applications/phamerator-dev/phamerator”, type the following
command and press Enter.
- ./blastclient.py -u root -p -n localhost -a ../../BLAST/bin -d
../blastdata/
Open a third, fourth, and fifth window, navigate to the correct directory, and use the exact same
command as above except for the final argument (../blastdata/). In the third window, change
../blastdata/ to ../blastdata2/, in the fourth window to ../blastdata3/, etc.
This process will also tell you when it is done. When it says “Sleeping…” press Ctrl + C to end it.

11. Check the progress of ClustalW or BLAST
Since ClustalW and BLAST can take a long time complete you can open an additional Terminal window and
run a script to display the progress. To show the ClustalW or BLAST progress meter, do the following.
a. Navigate to “Applications/phamerator-dev/phamerator”.
b. Run the phamServer_progress.py script by using the following command.
- ./phamServer_progress.py –u root –p –s localhost –d testphage –r
10 –a clustalw
c. Replace testphage with the name of your database and –a with blast if you are running BLAST.
d. The number after the –r argument indicates how often (in seconds) you want to refresh the progress
bar. The current command will refresh it every 10 seconds. Click “Cancel” to close the progress bar
window. This will NOT affect ClustalW or BLAST processing. You can close and reopen this window
as you wish by running the script above.
e. When ClustalW or BLAST is finished processing, the progress window will automatically disappear
and Terminal will display “(clustalw or blast) processing is complete”. Also, the Terminal windows
running BLAST or ClustalW will say “No work units available…. Sleeping…”
12. Assign phamilies (phams) for gene products in the Phamerator database
a. Assign phamilies using the data that ClustalW and BLAST have computed. Type the following
command in Terminal from the “phamerator” directory and press Enter.
- ./phamBuilder4.py -u root -p -s localhost -d testphage -c 0.325 b 1e-50
b. The default parameters for phamBuilder are 32.5% identity and an E-value of 1e-50. Phamilies are
created when a gene product has more than 32.5% identity or an E-value of 1e-50 with another gene
product.
c. When this process is complete, your Phamerator phage database is ready to use!!!
d. If you haven’t assigned clusters yet, you can do that now (see V-7). Databases are still functional even
if no clusters are assigned.
13. Setting up a local copy of the Conserved Domain Database (CDD)
If the Conserved Domain Database (CDD) has not been set up on your computer, you will need to do the
following steps. They are also rather time-consuming and need lots of processing power, but you only have
to do it once. Make sure that you have at least 40 GB free on your Ubuntu virtual hard drive.
a. Go to NCBI's CDD website (ftp://ftp.ncbi.nih.gov/pub/mmdb/cdd/)
b. Download the file “cdd.tar.gz” (this needs to be done inside Ubuntu, or else the file needs to be
moved there later.) It is a very large file (~3 GB).
c. Place this newly downloaded file inside the phamerator-dev directory
d. Make a new folder called cdd_db
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e.
f.

Open terminal
Navigate to Applications/phamerator-dev and run the following command:
tar -xvzf cdd.tar.gz -C cdd_db/
You’ll see a ton of lines of code fly by, and will know when it’s done when a fresh command line
appears.
g. In terminal, navigate to Applications/phamerator-dev/cdd_db
h. Type the first command listed below to set up the CDD. Press enter. When it is done, type the second
command, press enter, and wait until it is done. Do this for all six.
makeprofiledb -title SMART.v6.0 -in Smart.pn -out Smart -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title Pfam.v.26.0 -in Pfam.pn -out Pfam -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title COG.v.1.0 -in Cog.pn -out Cog -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title KOG.v.1.0 -in Kog.pn -out Kog -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title CDD.v.3.10 -in Cdd.pn -out Cdd -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title PRK.v.6.00 -in Prk.pn -out Prk -threshold 9.82 -scale 100.0 -dbtype rps -index true
i. You're done creating the local CDD! Now you can run the cddSearch.py script and identify conserved
domains in all of the genes in your Phamerator database.
14. Using the Conserved Domain Database (CDD) Search
a. To identify conserved domains in each gene product in the Phamerator database, first make a folder in
the “phamerator-dev” directory called “cddfasta.” Next, run the following command in Terminal from
the “Applications/phamerator-dev/phamerator/plugins” directory. You will then be prompted for the
username, password, server, and database.
- ./cddSearch.py ../../cdd_db/Cdd ../../cddfasta/query.fasta
b. This command can be run at the same time as BLAST or ClustalW. (ClustalW and BLAST cannot be
run at the same time.) Please be aware that aside from what happens immediately after you start this
script, you will NOT see anything happen in the Terminal window until the process is completely
done. Just let it process until you see a new blank line appear. This could take a few hours.
15. Modifying the Phamerator Database
a. You can add additional phages or remove phages in the Phamerator database without reassigning all of
the phams or deleting the BLAST and ClustalW scores. When adding or removing phages, you will be
prompted to delete all BLAST or ClustalW scores or to leave them alone. If you don’t want to
recompute all of these scores, make sure you don’t delete them (specify “N” for no)! Also, if you want
to keep the phams, make sure you do not delete pham assignments when prompted (even though
Phamerator says that removing phages invalidates pham assignments). You can always re-run
phamBuilder4 to fix existing phams rather than delete the phams and build them from scratch.
b. After you are finished modifying your database, re-run ClustalW, BLAST, phamBuilder4, and
cddSearch.
c. Your modified database is ready to use.
VI.
1.

HOW TO USE THE PHAMERATOR USER INTERFACE TO EXPLORE THE DATABASE
Displaying linear genome maps
a. Start Phamerator by typing ./Phamerator within the “Applications/phamerator-dev/phamerator”
directory and enter your username, password, server address, and database name.
b. Phamerator will start. Click on the “Phages” tab.
c. While holding the Ctrl button down, click on all of the phages you want to appear in the map.
d. Click the “Map” button at the top of the screen. You will see lots of code fly by in Terminal, and
eventually a new window will open displaying the genome map. You can zoom in and out or reorder
the map by clicking on the phage name and dragging it up or down.
e. You can align the maps by clicking on one gene in each genome and choosing “align left” or “align
right”.
f. You can save this map by clicking “File” then “Save As…” and choose a PDF file.
g. Figure 12 below shows what a linear genome map of five phages looks like.
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Figure 12 - Linear Genome Map for Five Phages

2.

Displaying phamily circles
a. Click on the “Phams” tab.
b. Click on one pham in the list
c. Click on the “Phamily Circle” button. When the window appears, you can zoom in and out and save
the file as a PDF.
d. Blue connecting lines represent linkage by more than 32.5% ClustalW similarity, and red connecting
lines represent linkage by BLAST e-values less than 1e-50.

3.

Exporting Pham and Cluster Tables
a. Click on the Phages tab.
b. Go to File > Export Pham Table. This is a csv file which can be imported into Excel using Data >
Import from Text and then finding that file. With a little modification, it is a very powerful tool. If the
conserved domains have not been added using cddSearch, then all cells in the “domains” column will
say “None.” If cddSearch has been run, then any cells in the “domains” column that say “None” have
no identifiable conserved domains.

4.

Exporting genomes, genes, or proteomes
a. Select phages in the “Phages” tab. Click “File” and choose whether to export a single FASTA file
containing all of the genomes, genes, or proteins belonging to the phages selected.
b. Select a pham in the “Phams” tab. Click “File” and choose whether to export a single FASTA file
containing the gene or protein sequences for the members of the pham.

5.

Accessing the Phamerator Quick Start User Manual
a. For a description about other things you can do with Phamerator, go to Help and click on “User
Manual.”
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VII.

CONCLUSION
Congratulations! Your Phamerator database is now functional. You have now learned how to:
•
•
•
•

Create a Ubuntu virtual machine
Install Phamerator and the software it needs to run
Create a new Phamerator phage database by importing fixed GenBank files, processing them using
ClustalW and BLAST, assign phamilies, and identify conserved domains
Operate the Phamerator graphical user interface

You are now ready to use your knowledge of phage genomics and molecular biology to begin an in-depth
analysis of these phages.
VIII.

TROUBLESHOOTING AND FREQUENTLY ASKED QUESTIONS

For errors and problems that you are unable to fix, contact Bryan Merrill (brymerr921@gmail.com), Andy
Ward (andytward9@gmail.com), Scott Carlson (scocarl@ls.byu.edu), or Dr. Sandra Burnett
(sandra.h.burnett@gmail.com).
When starting Phamerator, a popup box appeared instead of the main Phamerator window.
- Password was typed incorrectly. Click the red X to close the popup window and start Phamerator again.
Phamerator unable to import a file because the “locus tag is non-unique”.
Use DNA Master to create new locus tags (see section V-2).
How to check if a database was created properly:
Open the MySQL Workbench and click the black arrow next to your database name, then click “Tables”, right
click on the “phage” tab and click “Select Rows”. If everything imported correctly, all phages should be listed.

150

IX.

APPENDIX OF PHAMERATOR TERMINAL COMMANDS

Install Phamerator dependencies (can be done in any directory)
- sudo apt-get install git
- sudo apt-get install python
- sudo apt-get install perl
- sudo apt-get install pyro
- sudo apt-get install clustalw
- sudo apt-get install clustalo
- sudo apt-get install curl
- sudo apt-get install perl-doc
- sudo apt-get install python-dev
- sudo apt-get install ncbi-blast+
- sudo apt-get install bazaar
- sudo apt-get install python-pygoocanvas
- sudo apt-get install python-webkit
- sudo apt-get install python-mysqldb
- sudo apt-get install mysql-server
- sudo apt-get install python-pip
- sudo pip install numpy
- sudo pip install biopython
- sudo apt-get install python-biopython
- sudo apt-get install python-pp
- sudo apt-get install blast2
Install Phamerator (run in “Applications” directory)
- git clone https://github.com/byuphamerator/phamerator-dev.git
Install Phamerator (run in “Applications/phamerator-dev” directory)
- git pull
Start Phamerator (run in “Applications/phamerator-dev/phamerator” directory)
- ./Phamerator
Create new MYSQL database (can be done in any directory)
- mysql -u root -p -e 'create database testphage'
Prepare MYSQL database for Phamerator use (run in “Applications/phamerator-dev/phamerator/sql” directory)
- mysql -u root -p testphage < db_schema.sql
Delete MSQL database (can be done in any directory)
- mysql –u root –p, press Enter, type the password and press Enter.
- drop database testphage; and press Enter
Export MYSQL database to single file (run this command in the directory where you want the file to end up)
- mysqldump –u root -p testphage > "testphage.sql"
Compress SQL file
- Right click on SQL file and choose “Compress.”
Import saved SQL file into new database:
- Create new MYSQL database
- Prepare MYSQL database for Phamerator use
- From directory where SQL file to import is stored, run:
mysql -u root -p testphage < filename.sql
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Import GenBank files into Phamerator database (run in “Applications/phamerator-dev/phamerator/” directory)
- ./phamerator_manage_db.py -u root -p -s localhost -d testphage -i
../importseq/
Remove genomes from Phamerator database (run in “Applications/phamerator-dev/phamerator/” directory)
- ./phamerator_manage_db.py -u root -p -s localhost -d testphage --remove
name:TA17A
Add cluster designations to phages in Phamerator database (run in “Applications/phameratordev/phamerator/plugins” directory)
- ./update_cluster.py -u root -p -s localhost -d testphage --update_cluster
../../cluster/phage_cluster.csv
To start Phamerator (run in “Applications/phamerator-dev/phamerator/” directory)
- ./Phamerator. You will be prompted for username (root), password (MYSQL server password), server
(localhost), and database name.
If a popup window appears prompting you to re-enter the password, you typed incorrectly in the Terminal
window. Click on the red “X” and start Phamerator again.
Start server for processing ClustalW jobs (run in “Applications/phamerator-dev/phamerator/” directory)
- ./phamServer_InnoDB.py -u root -p -s localhost -n localhost -d testphage i 1 -l True -a clustalw
Start client for processing ClustalW jobs (run in “Applications/phamerator-dev/phamerator/” directory)
- ./phamClientOmega.py -u root -p -n localhost
Start server for processing BLAST jobs (run in “Applications/phamerator-dev/phamerator/” directory)
- ./phamServer_InnoDB.py -u root -p -s localhost -n localhost -d testphage i 4 -l True -a blast
Start client for processing BLAST jobs (run in “Applications/phamerator-dev/phamerator/” directory)
- ./blastclient.py -u root -p -n localhost -a ../../BLAST/bin -d
../blastdata/
Start progress window for ClustalW or BLAST jobs (run in “Applications/phamerator-dev/phamerator/” directory)
- ./phamServer_progress.py –u root –p –s localhost –d testphage –r 10 –a
clustalw
Build phamilies
- ./phamBuilder4.py -u root -p -s localhost -d testphage -c 0.325 -b 1e-50
After downloading the cdd.tar.gz file (conserved domain database), extract the contents (run in
“Applications/phamerator-dev/” directory)
- tar -xvzf cdd.tar.gz -C cdd_db/
Build CDD database (run in “Applications/phamerator-dev/cdd_db/” directory)
makeprofiledb -title SMART.v6.0 -in Smart.pn -out Smart -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title Pfam.v.26.0 -in Pfam.pn -out Pfam -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title COG.v.1.0 -in Cog.pn -out Cog -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title KOG.v.1.0 -in Kog.pn -out Kog -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title CDD.v.3.10 -in Cdd.pn -out Cdd -threshold 9.82 -scale 100.0 -dbtype rps -index true
makeprofiledb -title PRK.v.6.00 -in Prk.pn -out Prk -threshold 9.82 -scale 100.0 -dbtype rps -index true
Add conserved domains to gene products in Phamerator database (run in “Applications/phameratordev/phamerator/plugins/” directory)
- ./cddSearch.py ../../cdd_db/Cdd ../../cddfasta/query.fasta
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